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Parmi ces candidats, j'ai décidé de me concentrer sur le gène pa2g4 (proliferation-associated 2G4) qui joue un rôle dans la promotion ou la répression de la prolifération cellulaire dans plusieurs espèces. En particulier, pa2g4 est impliqué dans la tumorigenèse, en tant que suppresseur de tumeur, ou au contraire en tant qu'oncogène. J'ai mis en place une stratégie d'étude fonctionnelle permettant l'étude inductible et spécifique de ce gène dans les différents types cellulaire du TO, en utilisant le système UAS/ERT2-GAL4. D'autre part, Fibrillarin (Fbl), une protéine nucléolaire impliquée dans la méthylation des ARN ribosomiques (« ribosomal RNAs », rRNAs) et des histones de l'ADN ribosomique (« ribosomal DNA », rDNA), est également préférentiellement exprimée dans les SAPs. De plus, la surexpression de Fbl dans les cellules cancéreuses, démontre son rôle important dans la régulation du cycle cellulaire. J'ai ainsi réalisé une étude fonctionnelle de Fbl en utilisant une lignée de poisson-zèbre mutée pour ce gène. J'ai montré que les embryons mutants affichent des défauts spécifiques du cerveau moyen liés à une apoptose massive et à une perturbation de la différenciation neurale du TO. J'ai également montré des défauts de biogenèse des ribosomes et une diminution de l'activité traductionnelle de ces derniers. En outre, les mutants fbl montrent une dérégulation sévère du cycle cellulaire dans l'ensemble du TO, avec une progression de la phase S perturbée. Cette étude suggère un rôle essentiel de Fbl dans les progéniteurs neuraux du poisson zèbre, via une régulation de la prolifération cellulaire. L'ensemble de ces résultats montre comment les facteurs de la biogenèse des ribosomes contribuent à la régulation fine de la prolifération cellulaire des progéniteurs, et donc à la régulation de la progression du cycle cellulaire.

VII

SYNTHESE

La biogenèse des ribosomes est un processus très conservé et longtemps considéré comme ubiquitaire. Cependant, de nombreuses études récentes ont démontré l'importance de cette voie dans la régulation de l'expression génique. En effet, bien que l'étude de la régulation de l'identité cellulaire a longtemps été focalisée sur les mécanismes transcriptionnels, l'idée émerge que la régulation de la traduction joue également un rôle dans la détermination et le devenir des cellules. En particulier, les cellules souches présenteraient une biogenèse des ribosomes particulière avec des facteurs de biogenèse des ribosomes (RBF) qui leur sont propres (Brombin et al., 2015). Ainsi, ces « ribosomes spécialisés » contribueraient au contrôle de l'expression des gènes de par leur affinité sélective pour certaines catégories d'ARNm. L'existence de ribosomopathies, désignant un groupe de maladies causées par une mutation sur les gènes codant pour les protéines ribosomiques ou les protéines nécessaires à la synthèse de ribosomes, représentent un élément supplémentaire en faveur de cette notion de spécificité. Néanmoins, cette notion de ribosomes filtreurs (Mauro and Edelman, 2007) a été principalement mise en évidence in vitro. L'identité des cellules souches et des progéniteurs, comme celle de tout type cellulaire est caractérisée par des signatures moléculaires spécifiques qui dépendent de l'environnement dans lequel les cellules se trouvent. Ainsi, il est primordial d'étudier ces cellules dans un contexte in vivo.

Au cours de mon doctorat, j'ai utilisé le toit optique (TO), structure dorsale du cerveau moyen, du poisson-zèbre comme modèle pour étudier le rôle des RBFs dans la régulation de l'identité et le devenir cellulaire des progéniteurs neuraux. En effet, cette structure présente un mode de croissance en « tapis roulant cellulaire », lui conférant une organisation cellulaire idéale.

Ainsi, les progéniteurs neuroépithéliaux à cycle court (SAPs) sont présents dans la zone VIII marginale externe du toit optique (TMZe;Joly et al., 2016). Les progéniteurs à cycle rapide (FAPs), les cellules post-mitotiques et les neurones différenciés sont situés au centre de la structure. Chaque population cellulaire est marquée par des profils d'expression particuliers.

Ainsi, une recherche dans la base de ZFIN nous a permis d'identifier environ 50 gènes dont le transcrit est accumulé dans les cellules de la TMZe (SAPs). De manière intéressante, une vingtaine de ces gènes codent pour des facteurs de la biogenèse des ribosomes.

L'accumulation de ce type de transcrits dans les progéniteurs lents étaient surprenantes. Ainsi, au cours de mon doctorat, j'ai étudié le rôle spécifique de facteurs de biogenèse des ribosomes dans le maintien des progéniteurs neuroépithéliaux de la TMZe. En particulier, les transcrits de fibrillarin (fbl), un gène codant une protéine nucléolaire impliquée dans la biogenèse des ribosomes, sont préférentiellement accumulés dans les progéniteurs lents du toit optique. Fbl correspond au centre catalytique du complexe ribonucléoprotéique box C/D, responsable une de la méthylation des ARN ribosomiques (ARNr). D'autre part, Fbl intervient également joue dans la méthylation des histones des loci d'ADN ribosomique (ADNr) et joue un rôle dans la régulation de la transcription et du clivage des ARNr (Tessarz et al. 2014).

Au cours des dernières décennies, de nombreuses études fonctionnelles ont souligné l'important de Fbl dans divers processus cellulaire. En particulier, des études fonctionnelles de perte de fonction effectuées chez la levure et la souris, ont montré que Fbl jouait un rôle crucial dans la survie cellulaire et le développement précoce. En outre, Watanabe-Susaki et al. ont mis en évidence l'importance de Fbl dans l'homéostasie cellulaire et l'identité des cellules souches, à travers la régulation de la pluripotence et l'alibilité des cellules souches pluripotentes de se différencier (Watanabe-Susaki et al. 2014). Fbl intervient également dans la régulation du cycle cellulaire, comme démontré par le niveau anormalement élevée de la IX protéine dans plusieurs cancers (Marcel et al. 2013;Su et al. 2014), tels que le cancer du sein, le carcinome cervical à cellules squameuses (Choi et al. 2007) et le néoplasie intra-épithéliale prostatique (Koh et al. 2011). En particulier, Marcel et al. ont montré que la surexpression de FBL contribuait à la tumorigenèse. En effet, dans les lignées de cellules cancéreuses de sein, la surexpression de FBL conduit à une méthylation d'ARNr aberrante, une modification de l'activité ribosomique, une fidélité de traduction réduite et une augmentation de la traduction dépendante des sites d'initiation interne (IRES;Marcel et al., 2013). Inversement, la répression de fbl par siARN réduit la prolifération des cellules de lignées cancéreuses de sein (Su et al., 2014). La compréhension des rôles intégrés de Fbl dans la régulation du cycle cellulaire, la prolifération cellulaire et la biogenèse des ribosomes est donc devenue un réel challenge.

Mon projet de doctorat consistait donc à étudier le rôle de Fbl dans le développement du cerveau moyen, et en particulier du toit optique du poisson-zèbre. Ainsi, j'ai effectué une étude fonctionnelle en utilisant des poissons mutés pour le gène fbl. J'ai montré que les embryons mutants affichent des défauts spécifiques du cerveau moyen liés à une apoptose massive et à une perturbation de la différenciation neurale du TO. J'ai également montré des défauts de biogenèse des ribosomes et une diminution de l'activité traductionnelle des ribosomes. En outre, les mutants fbl hi2581 montrent une dérégulation sévère du cycle cellulaire dans l'ensemble du toit optique, avec une progression de la phase S perturbée. Ce défaut est surprenant car les défauts de biogenèse des ribosomes, menant souvent à un stress ribosomiques, provoquent un blocage du cycle à la transition G1-S ou G2-M mais à ce jour aucun arrêt en phase S après mutation d'un facteur de biogenèse des ribosomes n'a été mis en évidence. Cette étude suggère donc un rôle essentiel de Fbl dans les progéniteurs neuraux du poisson-zèbre, via une régulation de la prolifération cellulaire.

Introduction

1. La biogenèse des ribosomes, voie ubiquitaire considérée maintenant comme régulatrice.

Chez les eucaryotes, les ribosomes sont formés par l'association de deux sous-unités : la petite sous-unité appelée 40S et la grande sous-unité appelée 60S. Chacune de ces sous-unités est composée d'ARN ribosomiques (ARNr) et de protéines ribosomiques.

La biogenèse des ribosomes, et en particulier la synthèse des ARN ribosomiques, commencent par la transcription de l'ADN ribosomique par l'ARN polymérase I, dans le nucléole, en un ARN polycistronique. Cet ARN est ensuite modifié (méthylé et pseudo-uridinylé) et clivé pour donner naissance aux divers ARN ribosomiques formant les deux sous-unités ribosomiques.

En parallèle, dans le cytoplasme, les protéines ribosomiques sont synthétisées. Elles s'associent progressivement, au cours de la maturation des ARNr, à différentes étapes du processus.

Cette voie est hautement régulée et coordonnée. Ainsi, elle requiert l'action de plus de 200 facteurs appelés « facteurs de biogenèse des ribosomes ». Ces derniers jouent un rôle à toutes les étapes de maturation, de la transcription jusqu'à l'exportation dans le cytoplasme des sous-unités et à l'assemblage d'un ribosome mature et fonctionnelle.

La biogenèse des ribosomes, malgré son apparente fonction ubiquiste, apparait maintenant comme spécifique en fonction du type cellulaire ou tissulaire. En effet, de nombreuses études, en particulier chez les téléostéens, ont démontré que les facteurs de biogenèse des ribosomes étaient exprimés préférentiellement dans certains types cellulaires. En particulier, la spécificité de la voie a été mise en évidence dans les cellules souches, en comparaison avec les cellules différenciées. Dans ces cellules souches, la voie de biogenèse, légèrement différente, serait responsable de la formation de ribosomes spécialisés. La notion de XII ribosomes spécialisés ou ribosomes filtreur, encore débattue aujourd'hui, présente le ribosome comme un régulateur, choisissant les ARNm qui seront traduits. Ainsi, pour une même quantité d'ARNm entre deux cellules, une régulation traductionnelle s'ajouterait, afin de produire un traductome spécifique qui pourrait avoir un rôle dans l'homéostasie des cellules souches.

2. Le toit optique du poisson-zèbre comme modèle d'étude de l'homéostasie des cellules souches Dans notre laboratoire, nous utilisons le toit optique du poisson-zèbre afin d'étudier l'homéostasie des cellules progénitrices, en prolifération. Le toit optique est une structure dorsale, appartenant au cerveau moyen. Il est composé de deux lobes, dont la croissance se fait en tapis roulant, par addition de colonnes de cellules à la périphérie de chaque lobe. Cette croissance originale produit un gradient de différenciation de la périphérie vers le centre de la structure. La population de cellules en prolifération se restreint progressivement au cours du développement du poisson-zèbre. Alors que dans les stades précoces de somitogenèse, la population en prolifération se trouve dans l'intégralité du tube neural, elle est progressivement restreinte à deux jours de développement à la périphérie du toit optique. En particulier, la couche cellulaire située à la périphérie du toit optique est composée de cellules neuroépithéliales caractérisées par leur polarité apico-basale et leur absence de marqueurs gliaux. En revanche, la signature moléculaire de ces progéniteurs neuro-épithéliaux n'a pas encore été identifiée. Ainsi, dans le laboratoire, deux analyses parallèles ont été utilisées afin de déterminer la signature moléculaire. Dans un premier temps, une analyse de patron d'expression a été faite chez l'embryon de poisson-zèbre. Environ 50 gènes semblent exprimés préférentiellement dans les cellules progénitrices de la périphérie du toit optique, XIII où se trouvent les cellules neuro-épithéliales. Dans un second temps, une analyse transcriptomique, dans les cerveaux de medaka juvénile, a été réalisée. De manière similaire, 500 gènes ont été identifiés comme étant surexprimés dans les cellules neuroépithéliales.

De manière intéressante, parmi ces gènes, plusieurs gènes de biogenèse des ribosomes sont présents.

But de la thèse

Sachant que le biogenèse des ribosomes a été montré comme spécifique, et que plusieurs facteurs de biogenèse sont préférentiellement exprimés dans les cellules neuro-épithéliales du toit optique du poisson-zèbre, le but de ma thèse était de comprendre comment les facteurs de biogenèse des ribosomes étaient impliqués dans le contrôle du cycle cellulaire et de l'identité cellulaire. En particulier, j'avais pour but de comprendre pourquoi ces facteurs étaient préférentiellement exprimés dans notre population d'intérêt, et s'ils avaient un rôle spécifique.

Pour cela j'ai travaillé sur deux projets pendant lesquels j'ai étudié le rôle spécifique de ces facteurs dans le développement du toit optique du poisson-zèbre. Dans la première partie de mon doctorat, j'ai utilisé les données provenant de l'analyse transcriptomique performée dans le cerveau de médaka. Parmi les gènes surexprimés dans les cellules neuroépithéliales, 17 gènes ont un rôle dans la biogenèse des ribosomes. De plus, parmi ces 17 candidats, 9 n'étaient pas identifiés au préalable. J'ai donc commencé ce projet XIV en validant le patron d'expression restreint de ces 9 candidats. Parmi eux, 4 gènes montraient une expression préférentielle dans la zone où les cellules neuroépithéliales sont localisées. J'ai ensuite concentré mon attention sur pa2g4, un gène associé à la prolifération. En effet, une analyse du contexte scientifique a permis de mettre en évidence le rôle potentiel de pa2g4 dans la biogenèse des ribosomes, par son association avec des précurseurs d'ARN ribosomiques et les deux sous-unités des ribosomes. Une analyse plus précise du patron d'expression de pa2g4 au niveau de l'ARNm et de la protéine, pendant l'embryogenèse et à l'état juvénile a mis en évidence une expression préférentielle dans la zone de prolifération du toit optique. De plus, la caractérisation des cellules dans lesquelles la protéine Pa2g4 s'accumule, a permis de démontrer que Pa2g4 est préférentiellement exprimées dans les cellules neuroépithéliales de la zone de prolifération du toit optique.

Ainsi pa2g4 semble être un candidat idéal impliqué dans la biogenèse des ribosomes et la prolifération cellulaire des cellules neuroépithéliales du toit optique. L'étude du rôle spécifique de ce gène sera faite par surexpression dans les différents types cellulaires du toit optique. Pour cela, nous souhaitons utiliser le système UAS/GAL4. J'ai ainsi commencé la génération et caractérisation de plusieurs lignées transgéniques nécessaires pour cette surexpression. Cette analyse spécifique mettrait en évidence le rôle spécifique de pa2g4 dans la régulation du cycle cellulaire.

2. Fibrillarine est essentielle dans la progression de la phase S et dans la spécification neuronale dans le cerveau moyen du poisson-zèbre.

Dans la deuxième partie de mon doctorat, j'ai étudié le rôle de Fibrillarine (Fbl) dans le développement embryonnaire du poisson-zèbre. Fibrillarine, est une méthyltransférase responsable de la méthylation des ARNr et des histones de l'ADNr. Elle fait partie du complexe XV box C/D. Afin d'étudier le rôle de Fbl, j'ai en premier lieu étudié son patron d'expression pendant le développement. fbl est exprimé de manière ubiquitaire aux stades de gastrulation et de somitogenèse. Son expression se restreint à partir de 24 heures de développement. A ce stade, l'ARNm est présent dans la totalité du toit optique où les cellules prolifératrices sont présentes. A 2 et 3 jours de développement, son expression dans le toit optique se restreint davantage, avec une expression à la périphérie de la structure, où les cellules neuroépithéliales sont localisées.

Afin d'étudier le rôle de Fbl, j'ai utilisé un mutant, généré par insertion rétroviral et fournit par le ZIRC. Ce mutant présente un phénotype morphologique dès 1 jour de développement. En particulier, on peut distinguer une désorganisation du cerveau et une réduction apparente de la taille des yeux. A 2 jours de développement, le phénotype s'amplifie. On peut distinguer une réduction apparente de la taille de la tête et des yeux, une augmentation de la taille du vitellus, et un oedème péri-cardiaque.

La Fbl ayant un rôle dans la biogenèse des ribosomes, j'ai tout d'abord étudié la voie dans les embryons mutants à 3 jours de développement. Pour cela, j'ai utilisé deux approches. Dans la première approche, j'ai performé de PCR quantitative en utilisant des amorces spécifiques de différentes séquences permettant de distinguer les différents états de maturation des ARNr.

Cette analyse a mis en évidence une réduction massive de la quantité de l'ARN 18S, sans modification significative de la quantité des séquences internes progressivement clivées pendant cette voie. Ceci montre un défaut de biogenèse, dans les étapes tardives de la voie.

J'ai également performé une étude du profil des polysomes dans ces embryons mutants. Cette technique permet d'estimer la quantité des deux sous-unités, des ribosomes et aussi des polysomes qui correspondent à l'association des ribosomes sur les ARNm. J'ai ainsi mis en XVI évidence un défaut quantitatif des polysomes, représentant l'activité traductionnelle de ces unités fonctionnelles.

Les mutants fbl montrent un défaut morphologique principalement localisé dans la région de la tête. Ainsi, j'ai quantifié l'apparente réduction de la taille du système nerveux central (SNC) et des yeux. Pour cela, j'ai utilisé un marquage DiI permettant de marquer les fibres, suivi d'une segmentation. La quantification des régions segmentées a permis de mettre en évidence une réduction massive de la taille du SNC et des yeux.

Afin d'étudier plus précisément les défauts observées dans le cerveau de nos mutant, j'ai performé une étude histologique qui a mis en évidence un défaut dans la taille du toit optique, contenant des trous acellulaire. De plus, une étude au niveau nucléaire du toit optique a démontré un défaut dans la forme et la taille des noyaux. En effet, alors que les noyaux dans le centre du toit optique des embryons sauvages apparaissent ronds, ils sont allongés et orientés dans le centre du toit optique des embryons mutants. Ce changement de forme pourrait être dù à un changement d'état de la chromatine dans nos mutants, et à un changement d'état de différenciation de nos cellules. Ainsi, j'ai étudié la différenciation cellulaire dans le cerveau d'embryons. J'ai pu détecter une absence de différenciation dans la partie dorsale du toit optique, avec un maintien de la différenciation dans les parties antérieure et ventrale du cerveau. Ceci montre un rôle spécifique de la Fibrillarine dans la croissance et la différenciation de la partie dorsale du cerveau moyen.

La réduction du volume du SNC pourrait être due à une apoptose massive ou à des défauts de prolifération. J'ai donc tout d'abord étudié l'apoptose dans nos mutants en utilisant le marquage TUNEL. A un jour de développement, on peut identifier une augmentation des cellules en apoptose dans les embryons mutants. XVII J'ai également étudié la prolifération cellulaire dans nos mutants. Pour cela j'ai marqué les cellules en prolifération, en phase S et en phase de mitoses. Pour chacun de ces marquages, dans l'embryon sauvage, les cellules en prolifération peuvent être détectées dans la périphérie du toit optique. En revanche, dans les embryons mutants, les cellules en prolifération sont localisée dans le centre et la périphérie du toit optique ce qui démontre un défaut dans la distribution spatiale des cellules progénitrices.

Des analyses par cytométrie en flux de la distribution de ces cellules dans les différentes phases du cycle n'ont pas mis en évidence de blocage dans une des phases du cycle. En revanche, le profil de cytométrie en flux a mis en évidence un défaut dans la phase S. La quantification de cellules dans les différentes phases de la phase S, démontre une diminution du nombre de cellule en phase S précoce et une augmentation des cellules dans les phase S moyenne et tardive. Ainsi, ceci démontre que fbl a un rôle dans la progression de la phase S.

Conclusion

Lors de ma thèse, j'avais pour but d'étudier le rôle de la biogenèse des ribosomes dans la régulation du cycle cellulaire et de l'identité cellulaire. Par mes deux projets j'ai mis en évidence un rôle dans la progression du cycle cellulaire ainsi qu'un rôle tissu spécifique. Cette analyse ouvre un nouveau domaine d'étude de la régulation génique au niveau traductionnelle et démontre un rôle dans le control du devenir cellulaire des cellules neuronales.

Introduction

Results

Neuroepithelial slowly amplifying progenitor (SAPs) expressed high levels of fibrillarin transcripts and proteins.
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Table 3. Similarities and differences between the different kinds of neural progenitors in term of cellular behavior. granular particles through microscopic observations of rat cells [START_REF] Palade | A small particulate component of the cytoplasm[END_REF]. Following this description, a series of important studies have revealed the ribonucleoproteic nature of those particles which have, therefore, been baptized "ribosomes" during the 1960s.

Ribosomes form the core of the translational machinery converting the genetic information encoded in messenger RNAs (mRNA) into chains of aminoacids (polypeptides or proteins).

Ribosomes are composed of two subunits: the large subunit (LSU) with a sedimentation coefficient of 60S in eukaryotes (50S in prokaryotes) and the small subunit (SSU) with a sedimentation coefficient of 40S (30S in prokaryotes). Their association leads to the production of functional ribosomes 80S (70S in prokaryotes) which composition is speciesspecific. They have two main functions-decoding of the mRNA (established by the small subunit) and formation of the peptide bonds (catalyzed by the large subunit through a peptidyl-transferase activity) (Lafontaine and Tollervey, 2001). In eukaryotes, these highly complex structures are composed of four ribosomal RNAs (rRNAs) and at least 80 ribosomal proteins (RPs). Association of rRNAs and RP gives rise to the two ribosomal subunits. The core of the 40S subunit is formed by the 18S rRNA associated with 32 proteins while the 60S subunit formation requires the association of three rRNAs (28S, 5S and 5.8S) and 47 proteins.

II. Translation

II.1. Role of the different components of ribosomes in translation

Once the structure of ribosome was solved through x-ray crystallography and electron microscopy analyzes, the way the ribosome reads the mRNA code and accordingly form polypeptides has been studied. Indeed, the role of the components of ribosomes, proteic or nucleic, has not been investigated until the early 2000s. Hence, several studies have tried to reconstitute the enzymatic activity of those molecular machines by separation of the different components. Surprisingly, isolated components are not able to produce any translational activity. This highlighted the importance of the structure of ribosomes. Further 

II.2. Regulation of translation

Gene expression is a multistep process that involves the transcription, translation and turnover of messenger RNAs and proteins. In the past, analyzes of gene expression regulation have been principally focused on promoter activity modulation. However, it is now clear that each step of this cascade is controlled by gene-regulatory events in order to obtain a specific cellular proteome. Indeed, recent studies have highlighted the predominant role of translation in the control of protein abundance [START_REF] Schwanhäusser | Global quantification of mammalian gene expression control[END_REF].

Translational regulation involves several signaling pathways which would allow the adjustment of the proteome depending on the environmental conditions (nutrient availability, oxygen, hormones, stress, etc.), on the cell type or even on the cell cycle phase.

The involvement of various factors enables a regulation of the global protein synthesis level but also an activation or inhibition of the translation of specific mRNAs. Among the four steps of translation (i.e initiation, elongation, termination and recycling of the ribosomes), initiation is most probably the step which plays the more determinant role. This step includes the recruitment of ribosomes and recognition of the initiation codon, and requires dozen of translation initiation factors (eukaryotic initiation factors eIF). In this section, I will briefly describe the mechanisms of translation initiation and its regulation. 

II.2.1. Cap-dependent initiation

The predominant form of eukaryotic translation initiation depend on the m7G cap structure, present at the 5'end of the mRNA, and on ribosomal scanning. Translation initiation begins with formation of the 43S preinitiation complex (PIC) that is assembled from the eIF2-GTP-Met-tRNA complex, several initiation factors including eIF1, eIF1A, eIF13 and eIF15 and the 40S small ribosomal subunit. The 43S PIC, through eIF3 and eIF1, then, attaches the cap-proximal region of activated mRNAs. mRNA activation is driven by eIF4F which is composed of eIF4E -the cap-binding protein, eIF4G-a scaffold protein and eIF4A

a DEAD-box ATPase and RNA dependent helicase. The first step of activation occurs when eIF4E binds the cap structure. Subsequently eIF4A unwinds the cap-proximal secondary structure. Subsequently, the PolyA Binding Protein (PABP) interacts on one hand with the polyA sequence, and on the other hand with the eIF4G factor (fig 2). This interaction allows the formation of a "closed-loop" by connecting the 5' and 3' extremities of the mRNA. After mRNA binding, the 43S PIC travels along the mRNA 5′ Untrasletd region (UTR) in a 5′ to 3′ direction, looking for an AUG start coding in the RNA sequence [START_REF] Haimov | Cap-dependent, scanning-free translation initiation mechanisms[END_REF].

However, recent studies highlighting the position of ribosome on mRNA ("Ribosome

Profiling") have revealed numerous translation "non-AUG" initiation sites such as CUG or GUG codons [START_REF] Ingolia | Ribosome profiling of mouse embryonic stem cells reveals the complexity and dynamics of mammalian proteomes[END_REF].

In addition to protein coding regions, another class of short open reading frames called

"upstream open reading frames" (uORFs) are located in the 5'UTR region of the mRNA.

In eukaryotes, almost 50% of the mRNAs contain those uORFs which can serve as regulators of translation [START_REF] Young | Upstream Open Reading Frames Differentially Regulate Gene-specific Translation in the Integrated Stress Response[END_REF].

II.2.2 IRES-dependent initiation

For a long time the "cap-dependent" mode of initiation was considered the only possible mechanism through which translation of eukaryotic mRNAs could be initiated. However, studies of viral gene expression in the late 1980s led to the discovery of an alternative mode of translation initiation in eukaryotic cells that bypasses the requirement for cap-dependent scanning and allows the 40S ribosome to be directly recruited to the vicinity of the initiation The translation initiation is divided into several stages as indicated. The 43S PIC is assembled from the 40S subunit, a ternary complex consisting of eIF2-GTP-Met-tRNA, eIF1, eIF1A, eIF3 and eIF5. The mRNA activation stage involves capbinding and unwinding of cap-proximal region by eIF4F subunits. Attachment of the PIC to the mRNA is mediated by the cap complex and is followed by an ATPdependent scanning of the 5′ UTR in a 5′ to 3′ direction until an AUG is selected through codon-anti-codon base pairing with the Met-tRNAi. AUG recognition switches the scanning complex to a "closed" conformation and is accompanied by eIF5-assisted hydrolysis of eIF2-bound GTP, Pi release and eIF1 displacement. The 60S subunit joining to the 48S complex is associated with release of eIF2-GDP, eIF3, eIF4F and eIF5 and is mediated by eIF5B and eIF1A. GTP hydrolysis by eIF5B triggers its own and eIF1A release rendering the 80S ribosome ready to elongate. RNA circularization, mostly occurring in polysomes, is mediated by PABP-eIF4GI interaction.

codon. The mRNA regions required for this direct recruitment of the SSU were termed Internal Ribosome Entry Sites (IRESs) to emphasize that the process is independent of 5'end recognition. The vast majority of cellular IRES elements are located within the 5'-UTRs immediately upstream of the initiation codon. Nevertheless, there are cases in which the IRES is downstream of the initiation codon or located in the coding regions, thereby triggering synthesis of a truncated protein.

It has been shown that viral IRES-driven translation initiation is typically used when capdependent initiation is compromised. Numerous IRES have been discovered in viruses, and a classification in four groups have been established depending on their secondary structures and on the initiation factors required for their activities [START_REF] Jackson | The mechanism of eukaryotic translation initiation and principles of its regulation[END_REF].

IRES-mediated translation of cellular transcripts was not widely recognized or extensively studied until recently. Indeed, the common methods used to identify IRES activity are still debated and stringent test has questioned some of these claims [START_REF] Baranick | Splicing mediates the activity of four putative cellular internal ribosome entry sites[END_REF]).

Yet, the IRESite database presents evidence of many eukaryotic IRES elements and the list is growing (in 2009, at least 115 eukaryotic cellular mRNAs were reported) [START_REF] Mokrejs | IRESite--a tool for the examination of viral and cellular internal ribosome entry sites[END_REF]. Importantly, IRES-containing mRNAs can also be translated by the capdependent mechanism. Hence, one should wonder how the switch between these two modes of initiation is regulated. In fact, mRNA synthesized by RNA polymerase I (PolI) are capped and, therefore, likely to be translated following the two initiation types. Other mRNAs have highly structured 5'UTR sequences, preventing the scanning by the PIC and allowing an IRES-mediated translation. Interestingly, it has been demonstrated that many physiological, pathophysiological and stress conditions that lead to inhibition of capdependent translation cause a substantial increase in cellular IRES-mediated translation [START_REF] Komar | Internal ribosome entry sites in cellular mRNAs: mystery of their existence[END_REF]. Such conditions include endoplasmic reticulum stress, hypoxia, nutrient limitation, mitosis and cell differentiation. It is striking that many of the cellular mRNAs that contain IRES elements encode proteins that are involved in protection of cells from stress or, alternatively, induction of programmed cell death (apoptosis). Therefore, it is currently believed that cellular IRES-mediated translation plays an important role in cell-fate decisions under a variety of conditions.

II.2.3. TOP mRNA translation

Biogenesis of the protein synthesis machinery and particularly the ribosome, is a highly resource-consuming process [START_REF] Granneman | Building Ribosomes: Even More Expensive Than Expected?[END_REF]. Thus, cells that encounter unfavorable conditions attenuate the production of components of the translational machinery and cease to grow. This coordinated translational control is carried through a common cis-regulatory element, the 5' Terminal OligoPyrimidine motif (5'TOP). mRNAs presenting this motif are referred as TOP mRNAs. These mRNAs alternate between repressed and active states.

Part II-Ribosome biogenesis

The highly coordinated mechanism leading to the formation of these molecular machines is called the ribosome biogenesis pathway. It takes mainly place in the nucleolus, but additional maturation events occur in the nucleoplasm and the cytoplasm. It requires the activities of three polymerases, 75 small nucleolar RNAs (snoRNAs) and more than 250 ribosomal biogenesis factors (RBFs) (Brombin et al., 2015). RBFs are involved in the synthesis and maturation of rRNA as well as the folding and association of RPs. Therefore, this process consumes the major part of the cellular energy (Warner, 1999) and requires a tight regulation.

There are six important steps in eukaryotes ribosome assembly: synthesis of the components (rRNAs, RPs, RBFs and snoRNA), pre-rRNA processing (cleavage), covalent modifications of the pre-RNAs, RPs, and RBFs, assembly, transport and quality controls (fig 3). Despite the ubiquitous nature of this process, ribosome formation and protein translation need to be adapted according to the cell type and the cell environment. Cells do not have the same proteome depending on their differentiation status or the organism requirements. As mentioned earlier, proteome composition can be regulated either at the mRNA or at the protein level. It has been suggested that proteome composition can differ between cells with identical translatome (Buszczak et al., 2014). Hence, ribosome biogenesis would need to be adjusted and regulated leading to ribosome heterogeneity within the same species, the same organism or the same tissue.

The objective of this chapter is to give an overview of the different steps of the pathway in eukaryotes to describe ribosome heterogeneity and its importance in cell cycle regulation and embryonic development. 47S precursor (47S pre-rRNA), which is then processed and modified to yield the 18S, 5.8S and 28S rRNAs that are assembled into the pre-40S (green) and pre-60S (orange) ribosomal subunits. 5S rRNA (pink) is transcribed by PolIII in the nucleoplasm and incorporated into maturing 60S subunits, forming the central protuberance (CP). 80 RPs, more than 250 RBFs and 200 snoRNAs are transcribed by PolII. The proteins are synthesized in the cytoplasm and reimported to the nucleus for assembly. Pre-40S subunits are exported to the cytoplasm more rapidly than pre-60S subunits, which require numerous nuclear maturation steps. Several structures important for ribosome function are formed only in the cytoplasm, including the beak on the 40S subunit and the stalk on the 60S subunit; both are protruding features that could obstruct subunit export if formed prematurely. Pre-40S subunits undergo a 'test drive' to prove functionality before final maturation.

However, only a fraction of these repeats is actively transcribed (Birch and Zomerdijk, 2008), and the inactive part having a potential role in the maintenance of genome integrity [START_REF] Ide | Abundance of ribosomal RNA gene copies maintains genome integrity[END_REF][START_REF] Kobayashi | Regulation of ribosomal RNA gene copy number and its role in modulating genome integrity and evolutionary adaptability in yeast[END_REF]. In mammalian cells, rDNA chromatin can exist in at least four distinct states [START_REF] Hamperl | Chromatin states at ribosomal DNA loci[END_REF]. Among them, we can distinguish the open/accessible chromatin structure and the silent methylated and non-methylated rDNA.

The epigenetic silencing of rDNA copies seems to play a role in nucleolar integrity, As the two mechanisms are distinct, 5S transcription will not be detailed in this manuscript. Scheme of mammalian rDNA repeat. Each rRNA gene are preceded by a promoter (P), containing a core element and an upstream core element (UCE), and a spacer promoter (SP) upstream of the promoter. As previously described, rDNA is transcribed as a polycistronic pre-rRNA which will give rise to the three rRNAs (18S, 5.8S and 28S). [START_REF] Goodfellow | Basic mechanisms in RNA polymerase I transcription of the ribosomal RNA genes[END_REF].

RNA PolI-mediated 45S /35S rDNA transcription is a key point in the regulation of the ribosome biogenesis process. This event comprises a series of coordinated steps including transcription initiation, promoter escape, elongation, and termination. rDNA transcription starts with the formation of a transcriptionally competent complex formed through the recruitment and assembly of RNA PolI, with several transcription factors, into a pre-initiation complex (PIC) at the rRNA gene promoter. In mammal cells, the complex is composed of Polymerase I and the selectivity factor termed SL1 in human and TIF-IB in mouse [START_REF] Clos | A purified transcription factor (TIF-IB) binds to essential sequences of the mouse rDNA promoter[END_REF][START_REF] Learned | Human rRNA transcription is modulated by the coordinate binding of two factors to an upstream control element[END_REF]. SL1 consists of at least 4 subunits including the TATA-box-binding protein (TBP) and associated factors. Activated transcription requires, in addition to PolI and SL1, the upstream binding factor UBF (fig 6) [START_REF] Russell | RNA-polymerase-I-directed rDNA transcription, life and works[END_REF][START_REF] Schneider | RNA polymerase I activity is regulated at multiple steps in the transcription cycle: recent insights into factors that influence transcription elongation[END_REF]. UBF through its high mobility group (HMG) boxes, homodimerizes and loop approximately 140 base pairs (bp) of DNA into a single turn [START_REF] Stefanovsky | DNA looping in the RNA polymerase I enhancesome is the result of noncooperative in-phase bending by two UBF molecules[END_REF]. This factor allows the activation of the transcription by recruiting PolI to the promoter and displacing nonspecific DNA binding proteins (e.g histone H1) from rDNA [START_REF] Kuhn | The nucleolar transcription activator UBF relieves Ku antigen-mediated repression of mouse ribosomal gene transcription[END_REF]. UBF and SL1 act in synergistically to confer promoter selectivity to PolI. PIC assembly is conserved across evolution. In particular, in yeast, four factors are involved in the pre-initiation complex formation (UAF non-analog to UBF, TBP, the core factor analog to SL1 and Rrn3) (fig6).

(
Once the pre-initiation complex is formed and the promoter chromatin is opened, the first nucleotide starts to be incorporated and transcription initiated. RNA PolI escapes the promoter through several inhibiting interactions, to engage the elongation of the transcription. PolI is composed of two subunits PolIα and PolIβ. The latter is associated with numerous proteins including DNA repair and replication proteins, topoisomerases and the transcription factor IIH (TFIIH). However, PolI transcription machinery is highly dynamic and assembles in a stochastic fashion, individually or in subcomplexes [START_REF] Dundr | A kinetic framework for a mammalian RNA polymerase in vivo[END_REF]. 

I.3 Regulation of rDNA transcription

Transcription of rRNA genes is efficiently regulated to be responsive to both general metabolism and specific environmental challenges [START_REF] Grummt | Wisely chosen paths--regulation of rRNA synthesis: delivered on 30 June 2010 at the 35th FEBS Congress in[END_REF]. Regulations of ribosome biogenesis in general, and of rRNA transcription in particular, are both essential to control ribosome production therefore cell cycle and cell proliferation. rRNA synthesis can be modulated by varying the transcription rate per gene or by varying the number of active genes. Although there are evidences for both types of regulation, the majority of short term regulation affects the rDNA transcription rate following different environmental cues. However, it is now accepted that the fraction of active gene copies changes during development and differentiation [START_REF] Haaf | Quantitative determination of rDNA transcription units in vertebrate cells[END_REF]. This regulation acts as a long-term change in rDNA transcription. In this paragraph, I will give an overview of the mechanisms responsible for these two types of regulation.

As previously mentioned in the description of ribosomal DNA, only half of the rDNA copies are active and transcribed. Moreover, individual rDNA loci are not equally active in different cell types in mammals. For example, in mouse, several rDNA variants can be distinguished thanks to the length of the IGS and the sequence polymorphism [START_REF] Tseng | Cell-type-specific regulation of RNA polymerase I transcription: a new frontier[END_REF]. In addition, Tseng et al. showed that rDNA variants are regulated independently in a tissue specific manner [START_REF] Tseng | Mouse ribosomal RNA genes contain multiple differentially regulated variants[END_REF].

As reported earlier, long term regulation involves control of the active and inactive status of rDNA loci through epigenetic modifications. In particular, active genes are characterized by an "opened" euchromatic structure whereas silent genes exhibit a more compact heterochromatic structure. These modifications of the chromatin states are associated with specific histone modifications including acetylation and methylation (fig 8). Surprisingly, even proliferating cells display a significant fraction of silent rRNA genes, implying that specific epigenetic modifications are maintained throughout the cell cycle and propagated to daughter cells upon division. Despite this epigenetic maintenance, the switching between active silent state of rRNA genes is mediated by a chromatin remodeling complex termed NoRC (fig 8). NoRC allows the recruitment of the enzymes necessary for histone methylation and acetylation. It acts through two mechanisms: it positions the nucleosome on the rDNA promoter, and coordinates the machinery which establish a "closed" heterochromatic state [START_REF] Mayer | Intergenic transcripts regulate the epigenetic state of rRNA genes[END_REF][START_REF] Santoro | The nucleolar remodeling complex NoRC mediates heterochromatin formation and silencing of ribosomal gene transcription[END_REF]. Moreover, the methylation of histone H2 by the methyltransferase Fibrillarin (Fbl) seems to play a role in the ratio of active/inactive rDNA loci in yeast and plants [START_REF] Loza-Muller | Fibrillarin methylates H2A in RNA polymerase I trans-active promoters in Brassica oleracea[END_REF]Tessarz et al., 2014).

On the other hand, short-term regulation is triggered in response to environmental changes leading to modifications of the transcription rate. Indeed, as the ribosome biogenesis adapts depending on cell needs, conditions that impair cellular metabolism such as nutrient starvation, oxidative stress, inhibition of protein synthesis and cell confluence will downregulate rDNA transcription. On the contrary growth factors and agents that stimulate growth and proliferation will upregulate RNA PolI-mediated transcription (fig 9A) [START_REF] Grummt | Wisely chosen paths--regulation of rRNA synthesis: delivered on 30 June 2010 at the 35th FEBS Congress in[END_REF]. For example, several growth factors, such as the phosphoinositide 3kinase (PI3K)/AKT/mammalian target of rapamycin complex 1 (mTORC1) and RAS/RAF/extracellular signal-regulated kinase (ERK) pathways form an intricate control network with the transcription factor MYC (fig 9B). signaling pathways, phosphorylate differently UBF and TIF-IA, linking cell cycle and rDNA transcription.

I.4 Nucleolus

Nucleoli are distinct subnuclear compartments which form at the end of mitosis around the rDNA genes. These structures are responsible for the generation of ribosomes via the localized rDNA transcription and processing. Nucleoli have been mainly observed and described by EM. With this technic, different subregions have been characterized by their morphology [START_REF] Hernandez-Verdun | The nucleolus: structure/function relationship in RNA metabolism[END_REF]. We can then distinguish the fibrillar centers (FCs), the dense fibrillar centers (DFCs) and the granular components (GCs) (fig 11A). FCs are fibrillar areas of different size containing fibrils. They are partly surrounded by the highly contrasted DFCs. FCs and DFCs are embedded in the GCs that mainly consist of granules in a loosely organized distribution. Complementary approaches allowed to go further into details and obtain a spatiotemporal map of ribosome biogenesis. Therefore, the localization of rDNAs, snoRNAs and several proteins of the machinery. For example, the site of active RNA PolI-mediated transcription are localized at the interface between the FCs and the DFCs while the non-transcribed part of rDNA is localized in the FCs [START_REF] Goessens | Nucleolar structure[END_REF]. The DFC consists of newly transcribed rRNAs bound to ribosomal proteins, while the GC contains rRNAs bound to ribosomal proteins that are being assembled into immature ribosomes. Hence, clusters of rDNA repeats are considered as the founders of nucleoli. However, this role may be shared with the regions of the same that, during evolution, a third nucleolar compartment emerged at the transition between the anamniotes and the amniotes, following a substantial increase in size of the rDNA intergenic region.

Nucleoli are characterized by a great variability in size, number, and position within the nuclear volume and this variability depends on the cellular metabolism. For example, in cycling cells, the volume of the nucleoli increases between the G1 and G2 phases and the number of FC doubles during G2 [START_REF] Junéra | The threedimensional organization of ribosomal genes and the architecture of the nucleoli vary with G1, S and G2 phases[END_REF]. Terminally differentiated quiescent cells, ribosome biogenesis is stopped and nucleolar remnants are observed. Moreover, upon transcription or rRNA synthesis arrest, cells show nucleolar segregation. This peculiar reorganization of nucleoli is also observed upon treatment by low doses of actinomycin D. Indeed this intercalant agent affects particularly PolI transcription through its high binding affinity for GpC sites on rDNA and this observation highlights the link between PolI transcriptional activity and nucleolar organization. Several studies such as the inhibition of Cdk [START_REF] Amin | Depletion of nucleophosmin leads to distortion of nucleolar and nuclear structures in HeLa cells[END_REF][START_REF] Apicelli | A nontumor suppressor role for basal p19ARF in maintaining nucleolar structure and function[END_REF][START_REF] Romanova | Novel role of nucleostemin in the maintenance of nucleolar architecture and integrity of small nucleolar ribonucleoproteins and the telomerase complex[END_REF][START_REF] Sirri | Cyclin-dependent kinases govern formation and maintenance of the nucleolus[END_REF] or the nucleolar protein depletion [START_REF] Yuan | Genetic inactivation of the transcription factor TIF-IA leads to nucleolar disruption, cell cycle arrest, and p53-mediated apoptosis[END_REF] support this feature.

In multicellular eukaryotes, nucleolar assembly directly depends on pre-existing machineries and complexes inherited through mitosis. This processing machinery directly derives from the nucleolar disassembly to become building blocks for the new nucleoli.

More precisely, at the onset of mitosis, the pre-rRNA processing complexes are released from the nucleoli concomitantly with condensation of chromatin into mitotic chromosomes and before the arrest of PolI-dependent transcription [START_REF] Gautier | Fate of specific nucleolar perichromosomal proteins during mitosis: cellular distribution and association with U3 snoRNA[END_REF][START_REF] Hernandez-Verdun | Nucleolar proteins during mitosis[END_REF]. Additionally, during mitosis, PolI-mediated transcription machinery remains associated with rDNA within NORs that were transcriptionally active during the previous interphase [START_REF] Roussel | The rDNA transcription machinery is assembled during mitosis in active NORs and absent in inactive NORs[END_REF]. Nucleolar disassembly is highly governed by the cell cycle as this mechanism is linked to the repression of PolI-dependent transcription.

In particular, Cdk1-cyclinB complex plays a critical role in the dynamic of assembly/disassembly of the nucleolus (fig 12). Particularly, during embryonic development pre-rRNAs of maternal origins, stored in the cytoplasm, participate in the structural organization of the nucleolus prior acquisition of its translation competence.

They are localized in foci called prenucleolar bodies (PNBs) and are associated with the NORs.

II. rRNA maturation

Maturation of the nascent pre-rRNA begins while PolI-mediated transcription is still on going, with the help of maturation factors called ribosome biogenesis factors. These factors transiently interact with pre-rRNAs leading to the formation of the so called pre-ribosomal particles. Following transcription, pre-rRNAs are cleaved, post-transcriptionally modified In HeLa cells, transcription by PolI starts in telophase in the six active NORs, whereas the mitotic chromatin is still condensed (oval dark structure). In early G1a, the mitotic chromatin decondenses (grey), the nuclear envelope (broken line) is assembled, numerous PNBs (dark foci) are formed, and the active NORs recruits the processing proteins in DFC (green). In early G1b, the processing proteins are almost completely transferred from prenucleolar bodies (PNBs) to GC, and NORs regrouped in two to three nucleoli.

and assembled with ribosomal proteins. Most of the rRNA cleavages and posttranscriptional modifications are processed simultaneously. While the sequence of events is now well understood, the particularities and the regulation of each step are still not fully known. Many researches have been performed in yeast and human cells. Beside some analyzes on mice, very few studies have been performed on other vertebrates such as zebrafish. In this chapter, I will give an overview of the process.

II.1 rRNA cleavages

As previously mentioned, in eukaryotes nascent pre-rRNAs (35 S in S.Cerevisae or 47S

rRNA in human cells) contains the sequences for the 18S, 5.8S and 25S/28S rRNA separated by ITSs and flanked by the 5' and 3' ETSs (fig 4). Along rRNA cleavages, the transcribed spacers are sequentially eliminated through a complex series of endonucleolytic and exonucleolytic cleavages giving rise to the mature rRNAs. The sequence of events differs depending on the species. In particular, in yeast, the 18S rRNA is exclusively generated by a series of endonucleolytic cleavages within the 5′-ETS and ITS1 sequences, whereas a combination of endonucleolytic and exonucleolytic processing steps in the ITS1 is involved in mammalian cells (Mullineux and Lafontaine, 2012). Specifically, in human cells, the 47S rRNA is first cleaved at its extremities, giving rise to the pre-mature 45S intermediate rRNA. 45S rRNA can then be maturated through alternative pathways with variable kinetics and orders producing different intermediates but leading to the same mature rRNAs. In pathway 1, the initial cleavage occurs in the 5'ETS at site A0 (or A' in mouse) and is soon followed by cleavage at site 1. On the other hand, in pathway 2, the first cleavage event takes places at site 2 within ITS1 (fig 13). If cleavage of the 5'ETS occurs first (pathway 1), subsequent cleavage in the ITS1 takes place at site 2. These two important first cleavages allow the separation of the 90S pre-particle into pre-60S and pre-40S. The two subunits follow thereafter distinct maturation pathways. In both pathways, the majority of cleavage events take place in the nucleus. Yet, the final cleavage step of 18S maturation occurs in the cytoplasm after nuclear export. In parallel, the 32S pre-rRNA is cleaved in the ITS2, generating the 12S pre-rRNA and the 28S rRNA. 12S will thereafter give rise to the mature 5.8S rRNA (Mullineux and Lafontaine, 2012).

These alternative processing pathways vary according to species, cell types, physiological and developmental stages and even pathological conditions [START_REF] Belin | Dysregulation of ribosome biogenesis and translational capacity is associated with tumor progression of human breast cancer cells[END_REF][START_REF] Eichler | Processing of eukaryotic ribosomal RNA[END_REF][START_REF] Gerbi | Pre-Ribosomal RNA Processing in Multicellular Organisms[END_REF][START_REF] Hadjiolova | Alternative pre-rRNA processing pathways in human cells and their alteration by cycloheximide inhibition of protein synthesis[END_REF]. Studies showed that both alternative pathways in coexist in Xenopus in a single cell. It is worth noting that there are conditions that favor alternative pre-RNA processing pathways [START_REF] Savino | In vivo disruption of Xenopus U3 snRNA affects ribosomal RNA processing[END_REF]). Moreover, it has been hypothesized, that in mammals, as in yeast, rRNA cleavage occurs co-transcriptionally and/or post-transcriptionally. This might be particularly relevant to cells with enhanced growth properties such as aggressive cancer cells.

As B. Pre-rRNA processing in mouse. As in human cells, the primary 47S transcript is first cleaved in the 5'ETS. However, contrary to human cells, supplementary intermediates are generated before the 45S pre-rRNA. Indeed, the cleavages in the 5' and 3' ends is performed in several steps in mouse cells. After obtaining the 45S rRNA, the latest undergoes further cleavages following two alternative pathways. It is noteworthy, however, that a subset of snoRNAs has an independent role in processing of pre-rRNA and is involved instead of rRNA modifications in pre-rRNA cleavages [START_REF] Tollervey | Trans-acting factors in ribosome synthesis[END_REF]. These include the box C/D snoRNAs U3 and U14 and the box H/ACA snoRNAs snR10 and snR30. Indeed, as mentioned above, the U3 snoRNA is not a 2'-Omethylation guide but is involved in the cleavage steps leading to the maturation of the 18S rRNA [START_REF] Peculis | Disruption of U8 nucleolar snRNA inhibits 5.8S and 28S rRNA processing in the Xenopus oocyte[END_REF].

II.2.2. rRNA base modifications

In addition to the box H/ACA mediated uridine isomerization, some rRNA bases are also modified. These modifications occur through the addition of one, or sometimes two, methyl groups onto specific atoms. A subset of bases can also be either aminocarboxypropylated or acetylated [START_REF] Sharma | View From A Bridge": A New Perspective on Eukaryotic rRNA Base Modification[END_REF]. These modifications are nearly all produced enzymatically by autonomous proteins interacting with their substrate, for which the site specificity does not require any snoRNA hybridization (Mullineux and Lafontaine, 2012).

These enzymes have a particularly important role in rRNA processing as cleavage is reduced (or does not occur) when the enzymes do not assemble onto precursor ribosomes at the right time. Thus, by making binding of the modification enzyme to pre-rRNA a prerequisite for cleavage, cells have selected a strategy through which, in principle, only modified molecules are produced (Mullineux and Lafontaine, 2012).

II.3 Box C/D complex

As mentioned above, snoRNP particles are found in complexes consisting of snoRNAs and a few associated proteins. In particular, the box C/D complex comprises C/D guide snoRNAs with four core proteins. One part of my thesis project relies on the functional study of the box C/D complex. Therefore, in this chapter, I will describe the different components of this complex as well as its assembly and function. 

II.3.1. snoRNA

The role of snoRNAs is to provide a scaffold onto which partner proteins assemble, and to function as guides for specific rRNAs sequence recognition and tethering of target RNAs, thereby specifying the modification sites. In eukaryotes, cells use different strategies to synthesize snoRNAs. Some vertebrate snoRNAs such as processing snoRNAs U3, U8 and Mitochondrial RNA processing (MRP), and most snoRNAs in yeast are transcribed from independent genes, mostly by RNA polymerase II (PolII). Another strategy, in plants and yeast, involves processing from polycistronic transcripts containing as many as nine different snoRNAs [START_REF] Terns | Small nucleolar RNAs: versatile trans-acting molecules of ancient evolutionary origin[END_REF][START_REF] Weinstein | Guided tours: from precursor snoRNA to functional snoRNP[END_REF]. However, all known guide snoRNAs in vertebrates are encoded in introns of genes transcribed by PolII while in yeast and plants it is less common. Interestingly, most snoRNA host genes encode housekeeping proteins essential for ribosome biogenesis or function, suggesting that the host genes had been selected to allow coordinated accumulation or snoRNAs and encoded proteins [START_REF] Filipowicz | Biogenesis of small nucleolar ribonucleoproteins[END_REF].

Following transcription most snoRNAs require processing to produce mature molecules.

Polycistronic transcripts need to be excised through the catalysis by an endoribonuclease. 

II.3.2.a Fibrillarin

Fibrillarin belongs to the superfamily of the Rossmann-fold-S-adenosylmethionine (SAM) methyltransferases (MTases). Within the snoRNP complex fibrillarin transfers the methyl group of SAM to 2-hydroxyl group of ribose targets. Fbl also contains site rich in arginine and glycine residues and a specific motif to bind RNA. Fbl seems to be involved in 

II.3.2.b Nop56/Nop58

Nop56 for nucleolar protein (NOP) of 56kDa (also called Nol5A) and Nop58 for nucleolar protein of 58kDa (also called Nop5 in fruit fly) are two paralog proteins. They belong to a family of conserved proteins which all share a conserved central NOP domain that is proposed to function in the binding of these proteins, a C-terminal α-helical domain and a N-terminal a/b domain. NOP proteins heterodimerize in order to scaffold the whole complex and are responsible for the correct positioning of Fbl to the target rRNA. Indeed, they contact the guide regions of the snoRNAs and have been shown to cross-link to rRNA in vitro. In particular, Nop58 and Nop56 preferentially associate with the C/D and C'/D' motifs, respectively. In archaea, only one Nop homolog called Nop5 is responsible for the scaffolding of the complex through homodimerization via their coiled-coil domains [START_REF] Watkins | The box C/D and H/ACA snoRNPs: key players in the modification, processing and the dynamic folding of ribosomal RNA[END_REF].

II.3.2.c 15.5 kD/ Nhp2l1

The 15.5K protein (also called NHP2l in mammals, snu13p in yeast, L7Ae in archaea) was first characterized as a component of the U4/U6.U5 tri-snRNPs that directly binds to the 5'stem-loop of the U4 small nuclear RNA (snRNA). The structural protein binds directly to the box C/D core motif, initiating formation of the box C/D snoRNP core complex. It contains a conserved RNA binding domain allowing the binding of the snoRNA and therefore, the recruitment of the snoRNP.

II.3.3. Function and assembly of the complex

In vitro, Fbl is not able to catalyze nucleotide modifications of the rRNA targets in the absence of the other core RNP proteins, even when the guide is present [START_REF] Baker | RNA-guided RNA modification: functional organization of the archaeal H/ACA RNP[END_REF][START_REF] Omer | In vitro reconstitution and activity of a C/D box methylation guide ribonucleoprotein complex[END_REF]. Hence, the assembly of the box C/D complex is a crucial process which needs to be tightly regulated and ordered. The recruitment of the core snoRNP proteins to their respective snoRNAs is initiated co-transcriptionally. As mentioned above, initiation of the formation of the box C/D snoRNP complex involves the RNA binding protein 15.5k.

Indeed, 15.5k directly recognizes kink-turn (K-turn) motifs, a common protein-binding site [START_REF] Klein | The kink-turn: a new RNA secondary structure motif[END_REF] present in the snoRNA. The specificity of 15.5k allows binding at only the more conserved C/D box motif of the snoRNA, but not at the C'/D' boxes, because these second sites often lack identifiable K-turns [START_REF] Szewczak | Exclusive interaction of the 15.5 kD protein with the terminal box C/D motif of a methylation guide snoRNP[END_REF]. This box C/D initiation complex formed by 15.5k is likely important for stabilizing the snoRNA in a conformation that favors the recruitment of the other proteins [START_REF] Reichow | The structure and function of small nucleolar ribonucleoproteins[END_REF]. In archaea, the formation of the initiation complex enables the recruitment of Nop5 to the assembling RNP, which in turn facilitates the association of fibrillarin to the catalytically active complex in vitro [START_REF] Omer | In vitro reconstitution and activity of a C/D box methylation guide ribonucleoprotein complex[END_REF]. However, Nop5 can also directly associate with Fbl in the absence of RNA [START_REF] Aittaleb | Structure and function of archaeal box C/D sRNP core proteins[END_REF]. In eukaryotes, Nop58 and Fbl are independently recruited to the snoRNA, suggesting a direct interaction with rRNA.

However, the association of Nop56 requires the presence of Fbl, suggesting that the interaction with the enzyme mediates its recruitment to the snoRNP [START_REF] Lafontaine | Synthesis and assembly of the box C+D small nucleolar RNPs[END_REF]. While interacting with Fbl, Nop56 and Nop58 heterodimerize through 

II.4 Fibrillarin

Originally described in Physarum polycephalum, Fbl was subsequently identified in the dense fibrillar component of vertebrate nucleoli (hence its name) [START_REF] Christensen | Identification of NG, NG-dimethylarginine in a nuclear protein from the lower eukaryote Physarum polycephalum homologous to the major proteins of mammalian 40S ribonucleoprotein particles[END_REF]. Fibrillarin is an essential nucleolar protein having a conserved sequence and function throughout evolution [START_REF] Jansen | Evolutionary conservation of the human nucleolar protein fibrillarin and its functional expression in yeast[END_REF][START_REF] Ochs | Fibrillarin: a new protein of the nucleolus identified by autoimmune sera[END_REF]. It is one of the most abundant protein of the nucleolus, and it is therefore commonly used as a marker for this sub-compartment of the nucleus. During interphase, Fbl can be detected in the transition between FC and DFC, where rDNA transcription occurs, and in the DFC, where the pre-rRNA processing takes place in eukaryotic cells [START_REF] Ochs | Fibrillarin: a new protein of the nucleolus identified by autoimmune sera[END_REF][START_REF] Sobol | UBF complexes with phosphatidylinositol 4,5-bisphosphate in nucleolar organizer regions regardless of ongoing RNA polymerase I activity[END_REF].

Besides, Fbl can also accumulate in sub-organelles of the nucleus called the Cajal bodies (CBs) [START_REF] Snaar | Mutational analysis of fibrillarin and its mobility in living human cells[END_REF]. Several synonyms can be found in the literature depending on the organism and the time when the reference was published. In this manuscript I will use the term "Fibrillarin" for all eukaryotic Fbl, with the exception of yeast Fbl which is called Nop1. In this chapter, I will give an overview on the evolution, structure and functions of Fbl.

II.4.1 Fibrillarin structure

The Fbl protein sequence can be divided into two big domains: the N-terminal domain and the methyltransferase domain. In particular, eukaryotic Fbl consists of three major Fbl is also involved in the rRNA maturation, more specifically in their cleavage. Indeed, a screen by Tollervey et al. allowed the identification of two mutants with maintained rRNA methyl-transferase activity, but defective in rRNA maturation. Indeed, they showed using western blot analyzes that in NOP1 mutants, the 35S pre-rRNA was accumulating while the other pre-rRNA and mature 18S and 25S rRNA were not produced.

II.4.3 Fibrillarin localization during cycle

Fibrillarin localization, like other nucleolar proteins, is highly dynamic as shown with FRAP (Fluorescence Fecovery After Photobleaching) These observations showed that Fbl shuttles between the nucleoli and the nucleoplasm [START_REF] Phair | High mobility of proteins in the mammalian cell nucleus[END_REF][START_REF] Snaar | Mutational analysis of fibrillarin and its mobility in living human cells[END_REF]. Under these conditions Fbl molecules are present both in the CB and nucleoli only for a short time indicating that it may roam the nucleus in search of specific binding partners [START_REF] Phair | High mobility of proteins in the mammalian cell nucleus[END_REF].

The abundance and localization of Fbl during mitosis has also been studied in details using 

II.4.5 Fibrillarin and pathology

The nucleolus is involved in biogenesis of the machinery necessary for overall protein translation and eventually cell growth and cell cycle progression [START_REF] Tsai | Connecting the nucleolus to the cell cycle and human disease[END_REF]. The specific alteration in many of the NOPs can result in growth behavior changes or altered cell viability. The involvement of ribosome biogenesis in general in pathologies will be further assessed in the Chapter 1, Part II, IV.3.Mutations of RP and RBF coding genes lead to tissue-specific phenotypes.

As described above, Fbl plays a regulatory role in many biological processes such as protein translation. Furthermore, its regulatory role is required during development or for the maintenance of the pluripotent state. Supporting this hypothesis, several observation show that dysregulation of Fbl is associate with pathological phenotypes. For example, Fibrillarin has been shown to be involved in cancer, viral infections or systemic scleroderma.

II.4.5.a. Fibrillarin is an oncogene

It is now well established that FBL is involved in cancer. Indeed, various studies measuring order to regulate its expression [START_REF] Schlosser | A role for c-Myc in the regulation of ribosomal RNA processing[END_REF][START_REF] Coller | Expression analysis with oligonucleotide microarrays reveals that MYC regulates genes involved in growth, cell cycle, signaling, and adhesion[END_REF]. Furthermore, a correlation between FBL and C-MYC expression is observed in breast cancer (Su et al., 2014), human B-cell line [START_REF] Schlosser | A role for c-Myc in the regulation of ribosomal RNA processing[END_REF] and human fibroblasts [START_REF] Coller | Expression analysis with oligonucleotide microarrays reveals that MYC regulates genes involved in growth, cell cycle, signaling, and adhesion[END_REF]. These studies demonstrate that FBL is a target of C-MYC.

In addition, Marcel et al., showed that FBL is repressed by the tumor suppressor P53. In breast cancer cells, P53 inactivation results in an increased level of FBL and higher level of aberrant rRNA methylation that leads to altered ribosome activity including impairment of translational fidelity and increased translation of key cancer genes (Marcel et al., 2013).

FBL expression has been correlated with cellular characteristics associated to cancer cells, such as proliferation. For example, diminution of FBL expression using siRNA leads to a diminished proliferation of prostatic and breast cancer cells (Koh et al., 2011b;Su et al., 2014).

II.4.5.b Fibrillarin is involved in viral infections

Several viruses with a nuclear phase interact with proteins localized both in the CBs and the nucleoli for their replication and transport inside the cells. Fbl shuttles between the CB and the nucleoli thereby explaining why this protein could be targeted by several viruses.

One example, is Influenza A virus subtype H3N2 that causes flu. In this virus, a multifunctional protein (non-structural protein 1, NS1) inhibits the pre-mRNA processing in the host cells and counteracts cell antiviral responses. The NS1 protein interacts with both endogenous fibrillarin and nucleolin [START_REF] Melén | Influenza A H3N2 subtype virus NS1 protein targets into the nucleus and binds primarily via its C-terminal NLS2/NoLS to nucleolin and fibrillarin[END_REF]. Similarly, the HIV Tat protein has been reported to interact with Fbl. This viral protein affects the ribosome rRNA maturation and the overall amount of 80S ribosome [START_REF] Ponti | The HIV Tat protein affects processing of ribosomal RNA precursor[END_REF] which could be involved in the modulation of the host response, therefore contributing to the apoptosis and protein shut-off in HIV-uninfected cells. Additionally, in plants, Fbl also interacts with viral proteins. Indeed, in the nut rosette virus, the encoded protein ORF3 interacts directly with Fbl [START_REF] Kim | Interaction of a plant virus-encoded protein with the major nucleolar protein fibrillarin is required for systemic virus infection[END_REF] leading to the formation of viral RNPs able to move through the phloem resulting in complete infection of the plant. Therefore, this interaction is the key of systematic spread of the nut rosette virus [START_REF] Zheng | Rice stripe tenuivirus p2 may recruit or manipulate nucleolar functions through an interaction with fibrillarin to promote virus systemic movement[END_REF]. However, the exact role of these interactions between fibrillarin and viral proteins remains unknown.

II.4.5.c Fibrillarin is targeted in systemic sclerosis

Systemic sclerosis is an autoimmune disease of the connective tissue. It is characterized by thickening of the skin caused by accumulation of collagen, and by injuries to small arteries.

The systemic form of the disease affects not only the skin of the face, hands or feet, but can also progress to visceral organs such as kidneys, heart, lungs and gastrointestinal tracts.

FBL autoantibodies were first identified in patients affected by systemic sclerosis [START_REF] Ochs | Fibrillarin: a new protein of the nucleolus identified by autoimmune sera[END_REF]. In various population such as African descent and Native North American 

II.4.6 Fibrillarin evolution

Fibrillarin is present in archaea and eukaryotes which testify for the ancestral origin of Fbl.

Sequence alignments and comparison of 10 model eukaryotic fibrillarins and all archaeal

Fbls was carried out (Rodriguez-Corona et al., 2015). Archaeal Fbl lacks the GAR domain (fig 16B). These analyzes also revealed nine primary branches that separate groups of fungi, invertebrates, plants and vertebrates (fig 18A). The overall sequences vary significantly within each group. There are the greatest sequence similarities within plants (63%) and within vertebrates (61%), while invertebrates, fungi and Archaea show more sequence diversity (33, 27 and 20%, respectively). It remains to define if the differences account for some specific functions. For example, as described in the chapter Chapter 1, Part II, II.4.2

Fibrillarin functions, Xenopus and human Fbl are separated in the two different clades and they have a different complementation level in NOP1 mutants [START_REF] Jansen | Evolutionary conservation of the human nucleolar protein fibrillarin and its functional expression in yeast[END_REF]. Beside the variability of fbl sequence between clades, a particular signature, unique to the protein, has been highlighted. Furthermore, from the various X-ray crystallographic data which have been produced, the apparent sequence difference between fibrillarins only slightly alters the overall structure of the protein (fig 18B).

III Importance of ribosome biogenesis for cell homeostasis

Cell cycle progression and cell growth are highly energy-demanding steps and therefore require prodigious number of ribosomes. Several self-regulatory mechanisms controlling various aspects of ribosome biogenesis and functions have been uncovered and reveal new connections to cell cycle and cell-size control. In this chapter, I will describe the different ribosomal functions in the regulation of diverse cellular processes. In humans, alterations 

III.2 Nucleolar stress

In the last few years, it became evident that the nucleolus by using its huge reservoir of proteins, is able to regulate cellular processes such as cell cycle progression, cellular proliferation and differentiation, DNA damage repair, genome organization, ageing, cell stress response, protein degradation, protein folding and mRNA export [START_REF] Woods | The nucleolus as a fundamental regulator of the p53 response and a new target for cancer therapy[END_REF]. Thus the nucleolus is playing a very important role in maintaining cell homeostasis [START_REF] Pestov | Evidence of p53-dependent cross-talk between ribosome biogenesis and the cell cycle: effects of nucleolar protein Bop1 on G(1)/S transition[END_REF][START_REF] Zhang | Signaling to p53: ribosomal proteins find their way[END_REF]. In particular, upon ribosome biogenesis disruption via UV irradiation, nutrient deprivation or hypoxia, cellular processes regulated by the nucleolus are activated and cells are able to adapt to the new environment [START_REF] Boulon | The nucleolus under stress[END_REF]. This condition, defined as the nucleolar stress, or ribosome biogenesis stress, is able to activate nucleolar stress signaling pathways mediated by several RPs. Some of these pathways involve the tumor suppressor 53 (Tp53, hereafter p53) activity while others Beside ribosomal proteins, RBFs are also known to interact with Mdm2 in order to activate p53. Among these factors, which are normally segregated to the nucleoli, Nucleophosmin (Npm1) and Nucleostemin (Ns) are implicated in the nucleolar stress response. Npm1, The role of Ns is less straightforward since both its overexpression and its down regulation lead to P53 activation and cell cycle arrest. When it is overexpressed and therefore more abundant in the cytoplasm, Ns binds the acidic domain of Mdm2 via its coiled-coil domain.

This prevents the ligase activity of Mdm2 leading to the accumulation of p53 [START_REF] Dai | Aberrant expression of nucleostemin activates p53 and induces cell cycle arrest via inhibition of MDM2[END_REF]. On the other hand, the knockdown of Ns also leads to a p53-dependent cell cycle arrest. It is a side effect of Ns-dependent ribosome biogenesis disruption that leads to the accumulation of free RpL5 and RpL11 both in vitro [START_REF] Ma | Depletion of the nucleolar protein nucleostemin causes G1 cell cycle arrest via the p53 pathway[END_REF] and in vivo [START_REF] Essers | A comparative study of nucleostemin family members in zebrafish reveals specific roles in ribosome biogenesis[END_REF].

III.2.2. p53 independent response pathways to nucleolar stress

Although p53 stabilization is the major mechanism that induces cell cycle arrest and apoptosis during nucleolar stress, recent studies have highlighted new processes independent from p53. Similarly to the p53-dependent responses, ribosomal proteins and ribosome biogenesis also act as stress-sensors in a p53-independent manner. For example, upon nucleolar stress, ribosome-free Rpl5 and Rpl11 suppress cell proliferation through the negative regulation of c-Myc. Indeed, the two proteins of the large ribosomal subunit form a complex with c-Myc mRNA to repress its expression and/or induce its degradation [START_REF] Lindström | Emerging functions of ribosomal proteins in gene-specific transcription and translation[END_REF]. Furthermore, Rpl11 released from the ribosome, binds to Mdm2 causing the release of E2F-1 (E2 transcription factor 1) and preventing its degradation (fig Furthermore, following drug exposure, Arf negatively controls cell growth independently of p53 by activating ATM/ATR/CHK signaling pathways [START_REF] Eymin | p14ARF activates a Tip60-dependent and p53-independent ATM/ATR/CHK pathway in response to genotoxic stress[END_REF]. One last example of RBF involved in this p53-independent response is the well-known nucleolar factor PPAN playing a role in the large subunit maturation through its interaction with Among the proteins that can be released upon nucleolar stress, there is also the serinethreonine kinase PIM1. This protein is normally associated to the ribosomes via RPS19.

22A). E2F-
When ribosome biogenesis is impaired, PIM1 becomes free and can be degraded via the proteasome. This leads to the stabilization of p27 (which is not anymore phosphorylated and degraded) and to the p53-independent cell cycle arrest before the S phase (fig 23B) [START_REF] Iadevaia | PIM1 kinase is destabilized by ribosomal stress causing inhibition of cell cycle progression[END_REF].

IV Ribosome specificity and heterogeneity

Historically, ribosomes have been considered as homogeneous and constitutive "molecular machines" allowing the translation of every transcribed mRNAs into proteins. However, emerging studies have revealed that ribosome activity may be modulated between cells or depending on the developmental status of the organism. The heterogeneity of ribosome translational capacities depends on their variable internal composition. Indeed, differential expression and post-translational modifications of RPs, rRNAs diversity and the activity of ribosome-associated factors may generate "specialized ribosomes". Moreover, constitutive components of the ribosome may also exert more specialized activities by virtue of their interactions with specific mRNA regulatory elements such as IRESs or uORFs [START_REF] Xue | Cis-regulatory RNA elements that regulate specialized ribosome activity[END_REF]. Decades of research have highlighted several layers of regulation allowing the production of an important diversity of cell types. Nowadays, the existence of a "ribosome code" is a new concept highlighting the additional layer of regulation at the translational level. In this chapter, I will examine the evidence for heterogeneity in ribosomes and its importance for cell identity and cell homeostasis. In addition, I will illustrate this contribution by using the examples of cancer and ribosomopathies in which mutations in RBF or RPs give rise to cell/tissue-specific phenotypes.

IV.1 Heterogeneity in ribosome functions rely on variability in ribosomal proteins

In the 1990s, attempts in delineating the minimal components necessary for ribosome activity have demonstrated that the peptidyl-transferase can be functional in the absence of most ribosomal proteins [START_REF] Noller | Unusual resistance of peptidyl transferase to protein extraction procedures[END_REF] growing. Among them, the RPL39, RPL39L, is specifically expressed in embryonic stem cells [START_REF] Wong | RPL39L is an example of a recently evolved ribosomal protein paralog that shows highly specific tissue expression patterns and is upregulated in ESCs and HCC tumors[END_REF]. Interestingly, differential RP expression or/and functions between stem cells and differentiated cells has been also documented in zebrafish. Indeed, zebrafish rpl7l1 is specifically expressed in neuroepithelial progenitors. By contrast, its paralogue rpl7 has been shows to be strongly and ubiquitously expressed (zfin.org).

Similarly, in Drosophila, RPL7 is specifically required in neuroblasts to maintain their proliferation whereas its counterpart (Rpl7-like) displays ubiquitous expression 

IV.1.2 Core ribosomal proteins are expressed at distinct levels in unique cells

Beside the involvement of RP paralogues in ribosome heterogeneity, core ribosomal proteins seem to be differentially expressed depending on the cell/tissue type considered.

For example, in the social amoebae Dictylostelium discoideum, ribosomes are composed of different RPs at two different phases of its life cycle. This observation suggests that those RPs may be developmentally regulated during cell differentiation [START_REF] Ramagopal | Induction of cell-specific ribosomal proteins in aggregationcompetent nonmorphogenetic Dictyostelium discoideum[END_REF][START_REF] Ramagopal | Regulation of synthesis of cell-specific ribosomal proteins during differentiation of Dictyostelium discoideum[END_REF]. In mouse, the levels of Rpl38 transcripts exhibit a tissuespecific expression pattern with an increased expression in developing somites and in specific subset of motor neurons [START_REF] Kondrashov | Ribosome-mediated specificity in Hox mRNA translation and vertebrate tissue patterning[END_REF] specific composition can be specific for a subset of mRNAs, thereby adding a new level of complexity at the translational regulation of gene expression.

IV.2 Ribosome biogenesis variations lead to ribosome heterogeneity

Since the publication of the ribosome filter hypothesis which postulate that ribosomes function as regulatory elements that filter particular mRNAs (Mauro and Edelman, 2007),

RPs have been considered as the major actors in the transitional control of gene expression.

However, little attention has been given to the way ribosomes were built. Indeed, the ribosome biogenesis pathway has always been considered as a conserved and ubiquitous process. Therefore, results obtained in yeast were thought to reflect the situation in metazoans. Nevertheless, the repertoire of RBFs varies considerably among eukaryotes [START_REF] Ebersberger | The evolution of the ribosome biogenesis pathway from a yeast perspective[END_REF]). Hence, it has been hypothesized that these newly acquired RBFs could have tissue and/or cell-specific roles thereby finely regulating gene expression at the translational level. Particular attention has been given to the ribosome biogenesis pathway variations between stem cells and differentiated cells (Brombin et al., 2015).

IV.2.1 rDNA transcription

As fully described in the Chapter 1, Part II, I.3.Regulation of rDNA transcription, rDNA transcription can be modulated depending on the cell environment or via epigenetic modifications. More specifically, differences in rRNA synthesis between proliferative pluripotent cells, such as stem cells (SCs), and differentiated cells has been demonstrated Recent studies in zebrafish have also supported the "specialized" ribosome hypothesis (Locati et al., 2017). Indeed, it has been shown that rDNA transcription varies during development. Two distinct types of ribosomes (called maternal and somatic) exist with variable 18S, 5.8S and 28S sequences. In particular, sequence differences of the 5.8S are located in the central region of the rRNA which is responsible for protein binding and conformation. Similarly, sequence variations of the 28S are located in the functional center of the rRNA. In addition, 18S rRNA sequence diversity has been observed in the so called "sticky regions" responsible for the complementary binding of the mRNA 5'UTR.

Therefore, in zebrafish, specific rRNA differentially expressed during development and in adulthood, would give rise to "specialized" ribosomes having different function and targeting specific mRNAs (Locati et al., 2017).

IV.2.2 RBFs

Beyond rDNA transcription, many RBFs appear to play cell-specific roles. Indeed, in Drosophila, the Mushroom body miniature factor (Mbm) is highly expressed in neuroblasts and is required for proper cell growth. Analyses of mutants for this gene showed that mbm is necessary for the maturation of the small subunits in neuroblasts, but is dispensable in ganglion mother cells (GMCs) and neurons [START_REF] Hovhanyan | Drosophila mbm is a nucleolar myc and casein kinase 2 target required for ribosome biogenesis and cell growth of central brain neuroblasts[END_REF] One of the important functions of the RNase MRP complex is to cleave the precursor rRNA, which contributes to the maturation of the 5'end of the 5.8S rRNA. Strong evidence that CHH is a ribosomopathy is provided by studies in yeast, which demonstrate that RMRP gene mutations affect yeast cell growth and are directly proportional to the observed defects in 5.8S processing [START_REF] Shadel | Mutational analysis of the RNA component of Saccharomyces cerevisiae RNase MRP reveals distinct nuclear phenotypes[END_REF].

IV.3.1.c. Differential requirement for ribosome biogenesis factors

Ribosomal proteins display heterogeneous and non-overlapping expression patterns. More precisely, RP paralogs seem more likely to develop tissue-specific variations. If the ribosomal proteins have variable expression, it seems likely that variation in ribosome biogenesis factor distribution among tissues and throughout development also contribute.

One excellent example to illustrate this hypothesis is the North American Indian childhood Many other ribosome-related disorders are observed in patients. The list of these diseases is depicted in Table 1.

IV.3.2 Cancers

The history of the relationship between ribosome biogenesis and cancer begins long before the discovery of either ribosomes or the functions of the nucleolus in ribosome biogenesis.

In fact, in 1896, Pianese observed that cells of malignant tumors were characterized by particularly larger nucleoli than normal cells (Pianese and Teuscher, 1896). Nucleoli hypertrophy was considered to be a cytological parameter useful for the diagnosis of malignancy. Further studies have revealed that normal proliferating cells were also characterized by larger nucleoli. However, the link between ribosome biogenesis and tumorigenesis exists as cancer cells require ribosome biogenesis and protein translation to maintain their high proliferation rate. Indeed, the rate of ribosome biogenesis controls the expression level of the tumor suppressor p53, and upregulation of ribosome biogenesis is often associated with increased cancer risk [START_REF] Montanaro | Changes in ribosome biogenesis may induce cancer by down-regulating the cell tumor suppressor potential[END_REF]. In this chapter, I will give an overview of the recent advances made toward understanding how nucleolar functions may become corrupted in malignant cells. 

IV.3.2.a Upregulation of ribosome biogenesis

As mentioned above, increase in nucleolar size has been for a long time one of the parameters used to characterize tumorigenic cells. Nucleolar size and number actually reflect upregulation of ribosome biogenesis. Recent studies have demonstrated the causal role of increased ribosome biogenesis in pathogenesis in malignant tumors. Upregulation of ribosome biogenesis may alter the pattern of translated mRNAs and thereby contribute to tumorigenesis. Indeed, mRNAs that have low affinity for the translational machinery are out-competed by message with high affinity when the number of ribosomes is limited.

Interestingly, many mRNAs with low affinity for the ribosomes encode oncoproteins, growth factors, survival factors and cell cycle regulators [START_REF] Ruggero | Translational Control in Cancer Etiology[END_REF]. Moreover, it is also becoming apparent that upregulation of various steps of ribosome biogenesis is an essential component of tumorigenic programs. The strongest indication that increased ribosome biogenesis can be a direct cause of malignant transformation was provided by Although these observations suggest that alteration of ribosome biogenesis increase the susceptibility to tumorigenesis, many evidence show that dysregulation of ribosome biogenesis can be explained as a consequence of malignant transformation. In particular, several oncogenic signaling pathway such as RAS/RAF/ERK and PI3K/AKT/mTORC1, are able to modulate the rDNA transcription (see Chapter 1, Part II, I.3.Regulation of rDNA transcription). Therefore, activation of these signaling pathways, following tumorigenesis, could enhance ribosome biogenesis.

IV.3.2.b Decreased ribosome biogenesis

In addition to a dysregulation leading to an overproduction of ribosomes, a decrease in the number of mature ribosomes may also contribute to tumorigenesis [START_REF] Bursac | Activation of the tumor suppressor p53 upon impairment of ribosome biogenesis[END_REF].

Reduction in ribosome biogenesis could decrease not only the rate of total protein synthesis, but also the translation of specific mRNAs with lower affinity for ribosomes such as those encoding for tumor suppressors [START_REF] Locati | Expression of Distinct Maternal and Somatic 5.8S, 18S, and 28S rRNA Types during Zebrafish Development[END_REF][START_REF] Ruggero | Translational Control in Cancer Etiology[END_REF]. Recent studies in model Moreover, most of the syndromes linked to ribosomal dysfunction appear to have an increased incidence of cancer, although the type and frequency vary considerably. In particular, RP-haploinsufficiency in DBA, leading to a decrease number of mature ribosomes, is associated with an increased risk of myelodysplastic syndrome (MDS) [START_REF] Mason | The genetics of dyskeratosis congenita[END_REF].

IV.3.2.c Qualitative changes in ribosome biogenesis

Specific RPs have been found to be dysregulated at the mRNA or protein levels in a wide range of array of human cancer types, including liver, lung, colon, prostate as well as gynecologic tumors [START_REF] Zhou | Ribosomal proteins: functions beyond the ribosome[END_REF]. The term "Neurogenesis" describes the process by which functional neurons are produced from neural progenitors. This event includes neural fate induction, proliferation and migration of neural progenitors, differentiation and functional integration of the newborn neurons within the nervous system. Neurogenesis has also been described in the adult brain of several species. In this chapter I will give an overview of the embryonic and adult neurogenesis in vertebrates, emphasizing some shared properties but also highlighting the heterogeneity of adult neurogenesis. One aspect of this heterogeneity resides on the progenitor cell type that sustains the neurogenic process. In particular, I will focus on some neurogenic regions of the adult zebrafish brain, neural progenitors retaining neuroepithelial characteristics (hereafter referred as neuroepithelial progenitor cells, NePCs). It is the case in the optic tectum (OT), the part of the teleost brain on which I focused my studies.

It
Consequently, one part of this chapter will be dedicated to the description of the OT morphogenesis.

I.1 Embryonic neurogenesis

Embryonic neurogenesis starts with the neural induction. As mentioned above, this is followed by a sequence of events including proliferation, specification and differentiation.

Each of these steps is spatially and temporally regulated generating the diversity of neural cells which will form the central nervous system (CNS).

I.1.1 Neural induction

The 

I.1.3 Neural tube formation

Following the neural plate formation by neural induction, the neural tissue folds in on itself to form the neural tube. In most vertebrates, the epithelial sheets fold into a tube.

Specifically, in zebrafish embryos, the neural plate first forms a neural rod primordium which will then rearrange in order to generate a hollow tube.

This process called neurulation allows the subdivision of the neuroectoderm into the neural tube which will form the central nervous system (brain and spinal cord) and the neural crest cells which will migrate and give rise to peripheral neurons, pigment cells, facial bone cells and multiple other cell types (fig 27). As my work was focused on the central nervous system I will not detail neural crest cell specifications.

In the anterior region, the neural tube balloons into three primary vesicles: the prosencephalon (forebrain), the mesencephalon (midbrain), and the rhombencephalon (hindbrain). As development continues, the three primary vesicles divide and lead to the formation of the five secondary chambers, sources of all brain derivatives. In particular, the prosencephalon vesicle divides into the telencephalon and the diencephalon. The rhombencephalon vesicle divides into the metencephalon and the myelencephalon (fig 28).

I.1.4. Initiation of neural differentiation

The onset of neurogenesis in the vertebrate neural plate becomes apparent during late gastrulation by the expression of proneural genes. Indeed, once neural progenitors reach the proper number, a different category of TFs arises in order to promote the transition are even more numerous in zebrafish. In contrast, there are only two AS-C-related genes in mouse: Ascl1/Mash1, which is expressed in the nervous system, and Ascl2/Mash2, which is not. Vertebrate proneural genes are specifically expressed in neuroepithelial cells while they are also expressed in ectodermal cells in Drosophila. Besides this difference they act and are expressed similarly. Furthermore, their expression domains define several proneural domains along the antero-posterior axis in the embryo [START_REF] Huang | Proneural bHLH genes in development and disease[END_REF].

I.1.5 Neural progenitors

Neural progenitors are defined by their capacity of generating neurons and glia. Cell types that fulfill this definition are diverse and they change between species and between developmental stages. Mammalian neurogenesis and, more specifically, murine neurogenesis are considered as the "standard" in the field. In mammals, there are three main types of neural progenitors: the neuroepithelial cells, the radial glial cells and the basal progenitors [START_REF] Götz | The cell biology of neurogenesis[END_REF]. They differ in terms of in vivo localization, in vivo behavior, potency, division mode and genetic markers. In particular, neural proliferative progenitors can divide following three different modes: symmetric proliferative, asymmetric proliferative, or symmetric differentiative. Asymmetric divisions are often defined as divisions resulting in daughter cells that adopt different fates. For example asymmetric divisions may result in one neuron or two neurons of different classes.

However, asymmetric divisions can also occur without cell cycle exit, such as the generation of two proliferative daughter cells with different lineage restrictions. In this chapter, I will describe the main features of the different types of neural progenitors which are found during neurogenesis in vertebrates.

I.1.5.a. Neuroepithelial progenitor cells

At the end of neurulation, the neural plate and neural tube are composed of a single layer of cells derived from the ectoderm. The so-called neuroepithelial progenitor cells (NePCs)

show typical epithelial cell features. Indeed, they are polarized along their apico-basal axis.

Interestingly, apico-basal polarity is critical for many cellular mechanisms which regulate neurogenesis and when disrupted, the normal ratio between cell self-renewal and differentiation is often altered (Willardsen and Link, 2011b). NePCs are connected to each other at their apical and lateral surface by adherent junctions and tight junctions.

Hence, they express different markers of those junctions at their apical domain (the ventricular contacting domain) such as zonula occludens-1 (Zo-1). As a consequence of the presence of junctional components, certain transmembrane proteins such as the atypical protein kinase C (aPKC) are specifically observed at the apical and lateral membranes [START_REF] Götz | The cell biology of neurogenesis[END_REF]. Neuroepithelial cells form a pseudostratified epithelium called the neuroepithelium. Its apparent stratified organization is due to a cellular process called interkinetic nuclear migration (INM,fig 29A). During this process, cell nuclei move periodically in phase with cell-cycle progression (Del Bene, 2011). Before the onset of neurogenesis, the entire neuroepithelium consists of a single germinal layer, the ventricular zone (VZ). As soon as neurogenesis begins, cells extend from the basal lamina to the ventricle and span the entire thickness of the neural tube (fig 30). However, nuclei are positioned in several layers depending on the cell cycle-phase. In particular, M-phase nuclei are positioned at the apical-most region while G1/S phase nuclei move to more basal locations. During G2 phase, nuclei rapidly move back to the apical surface to enter the Mphase (fig 29A). Although this phenomenon has been described over 80 years ago [START_REF] Sauer | Mitosis in the neural tube[END_REF], its function has remained controversial. Several studies support that INM would maximize the number of mitosis per apical surface available [START_REF] Fish | Making bigger brains-the evolution of neural-progenitor-cell division[END_REF].

Complementary data have suggested a potential role in cell fate determination, by 

I.1.5.b. Radial glial cells

As development proceeds, NePCs undergo a series of changes in their gene expression profile, cytological characteristics and differentiation potential [START_REF] Malatesta | Radial glia and neural stem cells[END_REF].

They mature into regionally-specified progenitors and give rise to radial glial cells (RGCs) [START_REF] Guérout | Cell fate control in the developing central nervous system[END_REF]. RGCs cell bodies are located along the ventricular zone. In addition to Nestin expression, already present in neuroepithelial cells, RGCs express glial marker such as GLAST (glutamate aspartate transporter), GS (glutamine synthetase), BLBP (brain lipid binding protein), GFAP (glial fibrillary acidic protein), the Ca 2+ binding protein S100β and the intermediate filament Vimentin (Table 2, A. In neuroepithelial cells, interkinetic nuclear migration spans the entire apico-basal axis of the cells. The nucleus migrates to the basal side during G1 phase. S phase occurs at the basal region. The nucleus rapidly moves back to the apical surface to enter the M-phase. B. In radial glial cells, nuclear migration does not extend toward the basal side, but rather, stays confined to the portion of the cell between the apical surface and the basal boundary of the ventricular zone.

Table 2: Similarities and differences between the different kinds of neural progenitors in term of selected molecular markers. Adapted from Götz et al., 2015

Finally, the transition from NePCs to RGCs and their progression from proliferative to neurogenic divisions during embryonic development is associated with an increase in the lengths of their cell cycle and in particular of the G1 phase [START_REF] Takahashi | The cell cycle of the pseudostratified ventricular epithelium of the embryonic murine cerebral wall[END_REF] . RGCs can be found in the entire CNS: in the brain, the spinal cord, the retina where they are called Müller glia, or even in the cerebellum where they are named Bergmann glia [START_REF] Pinto | Radial glial cell heterogeneity--the source of diverse progeny in the CNS[END_REF]. For decades, radial glial cells were considered as neural migration support cells. However, further studies have shown that these cells are multipotent progenitors able to produce any type of cells such as neurons, oligodendrocytes, intermediate progenitor 

I.2 Adult neurogenesis

For decades, neurogenesis has been widely studied at embryonic stages. Indeed, the famous Spanish histologist Santiago Ramon y Cajal has described neuron formation in the embryonic brain. In particular, he observed mitotic figures only in the embryonic brain while he could not find any dividing cells in the adult. Therefore, he proclaimed that adult "nerve paths are something fixed and immutable" [START_REF] Cajal | Estudios sobre la degeneración y regeneración del sistema nerviosa (Imprenta de Hijos de Nicolás Moya)[END_REF]. This dogma has been accepted for almost a century. However, as early as 1960s, Joseph Altman and collaborators demonstrated that new neurons could be generated in the adult hippocampus and the olfactory bulb of mammalian brain [START_REF] Altman | Are new neurons formed in the brains of adult mammals?[END_REF]). Yet, it took more than 20 years and multiple researches in diverse species for adult neurogenesis to be accepted in the scientific community. Indeed, adult neurogenesis is conserved throughout evolution. It has been highlighted in mammals, invertebrates and several non-mammals vertebrates such as reptiles, birds or fishes (Grandel and Brand, 2013). However, neurogenic abilities are highly different depending on the species and brain territories of interest. Moreover, while it was widely postulated that adult neurogenesis was only dedicated to the continuous growth of various brain regions, it is now clear that the biological significance of this lifelong-lasting neurogenesis is less restricted. For example, regenerative territories in adult brain are much more numerous in teleost or amphibians than in mammals. Extended studies on the production of new neurons during adulthood showed that progenitors with embryonic features and signaling pathways are reused during adulthood upon injuries.

Therefore, the study of both embryonic and adult neurogenesis would help deciphering the neural progenitor cell homeostasis. In this context, in this chapter, I will compare adult neurogenesis focusing on mammals and teleosts and I will stress out the potential importance of neuroepithelial cells.

I.2.1. Adult neurogenesis in mammals

In mammals, especially in rodents, two major neurogenic niches can be found: the The dentate gyrus is a substructure of the hippocampus, essential for the learning process.

In this neurogenic zone, proliferation is more restricted. Indeed, around 3000 to 9000 neurons are formed every day in the rodent, depending on the age. Progenitors of the SGZ are also astrocytes expressing Gfap and Nestin. They can undergo two modes of division: symmetric or asymmetric. Following asymmetric divisions, SGZ astrocytes give rise to intermediate transient-amplifying progenitors (type D cells). Besides this peculiarity, the general lineage of adult neurogenesis in the SGZ and the SVZ is similar [START_REF] Seri | Astrocytes give rise to new neurons in the adult mammalian hippocampus[END_REF][START_REF] Seri | Cell types, lineage, and architecture of the germinal zone in the adult dentate gyrus[END_REF].

More recent analyzes have highlighted additional constitutive neurogenic zones such as the cortex or the hypothalamus. However, the neurogenesis activity in these structures remains discrete in comparison with the subventricular zone of the lateral ventricle and the dentate gyrus [START_REF] Abrous | Adult neurogenesis: from precursors to network and physiology[END_REF]. Neural progenitors are dynamically regulated by a number of factors. In particular, several signaling pathway involved in embryonic neurogenesis such as Noggin (see chapter 2, Part I, I.1 Embryonic neurogenesis) persist exclusively in the adult SVZ [START_REF] Gates | Cell and molecular analysis of the developing and adult mouse subventricular zone of the cerebral hemispheres[END_REF].

Furthermore, additional morphogens such as BMPs, Notch, Wnt and SHH continue to Many questions was raised following the identification of both SVZ and SGZ neurogenic niches. Indeed, when adult neural progenitors were initially discovered, it was hypothesized that they were activated for regeneration of new neurons following injuries. However, recent studies suggests that the primary function of endogenous adult neural progenitors is to confer an additional layer of plasticity to the brain via both direct and indirect mechanisms [START_REF] Christian | Functions and Dysfunctions of Adult Hippocampal Neurogenesis[END_REF].

I.2.2 Adult neurogenesis in non-mammalian vertebrates

Adult neurogenesis has been widely studied and described in mammals and, more particularly, in rodent brains since mice and rats are closely related to humans. However, adult neurogenesis is not restricted to mammals, and is widely represented in other vertebrates such as birds, reptiles, amphibians and fish. In particular, adult neurogenesis has been widely studies and described in amphibians and fish since the first evidence in rodents [START_REF] Kirsche | On postembryonic matrix zones in the brain of various vertebrates and their relationship to the study of the brain structure[END_REF][START_REF] R Rahmann | Autoradiographic studies on the DNA metabolism (mitosis frequency) in the CNS of Brachydanio rerio Ham. Buch. (Cyprinidae, Pisces)][END_REF]. In amphibians, proliferation and neurogenesis has been observed in the telencephalon, the preoptic region, the hypothalamus, the midbrain and the cerebellum. Moreover, constitutive neurogenesis has been seen in the forebrain and midbrain of adult bullfrog (Rana catesbeiana) [START_REF] Simmons | Developmental and regional patterns of GAP-43 immunoreactivity in a metamorphosing brain[END_REF]. In teleost, between in the nature of the neural progenitors involved. Indeed, as mentioned in the previous sections, astrocytes contribute widely to neurogenesis in mammals. However, astroglial adult neural progenitors appear to be a mammalian-specific feature. Outside this group, astrocytes do not contribute to adult neurogenesis which is mainly supported by radial glial cells. Radial glial cells contribute to adult neurogenesis in anamniotes as well.

I.2.3 The underevaluated importance of neuroepithelial progenitors

As described above, mammalian and teleost adult neurogenesis are mostly different in terms of localization and underlying cellular activity. These specificities lead to differential regenerative abilities and neurogenic potential. Indeed, mammalian regeneration in the CNS appears to rely mostly on the reactivation of astrocytes [START_REF] Sabelström | Resident neural stem cells restrict tissue damage and neuronal loss after spinal cord injury in mice[END_REF][START_REF] Götz | Reactive astrocytes as neural stem or progenitor cells: In vivo lineage, In vitro potential, and Genome-wide expression analysis[END_REF]. In non-mammalian vertebrates, regeneration is driven by RGCs activation. Nonetheless, both in amphibians and fish, neuroepithelial cells are maintained until adulthood. In particular, neuroepithelial cells have been found in the cerebellum of zebrafish, and in the visual system of both amphibians and fish where they contribute to the life-long neurogenesis in the optic tectum and in the retina (fig 33A). Indeed, the cells in the proliferative zone express progenitor markers such as Sox2 or Musashi and do not show any radia glial phenotype in both zebrafish (Ito et al., 2010) and medaka (Alunni et al., 2010). They express polarity markers like zo-1, gamma-tubulin and aPKC.

Additionally, in the anterior part of telencephalon, non-glial progenitors showing neuroepithelial characteristics have been found (Ganz et al., 2010). Recently Dirian and colleagues demonstrated that "a minute population of neuroepithelial progenitors persist throughout life ant the posterolateral edge of the pallial ventricular zone" (Dirian et al., 2014 ;fig 33B3). Therefore, it has been hypothesized that these cells could contribute to constitutive neurogenesis and regeneration when Notch-dependent progenitors are depleted [START_REF] Ninkovic | A time and place for understanding neural stem cell specification[END_REF]. Moreover, a neuroepithelial progenitor cells population can be found in the cerebellum of zebrafish juvenile and adult brains [START_REF] Kaslin | Development and specification of cerebellar stem and progenitor cells in zebrafish: from embryo to adult[END_REF]. In this region, NePCs have the capacity to produce granule cells and remain stable in the aging of the cerebellum. Moreover, in this region of the brain, RGCs seem to play only a minor role in regeneration [START_REF] Kaslin | Distinct roles of neuroepithelial-like and radial glia-like progenitor cells in cerebellar regeneration[END_REF]. During embryogenesis, it is clear that all neurons derive directly or indirectly from neuroepithelial cells which are hardly accessible and poorly understood in mammals. These cells have an underestimated developmental importance. Thus, studies on zebrafish neuroepithelial cells are important for elucidating basic principles of neurogenesis from development to adulthood.

II. The optic tectum

During my PhD, I have studied a small population of neuroepithelial progenitors located at the periphery of the zebrafish optic tectum. In this section I will provide a detailed description of the tectum, its anatomy, embryonic origin and growth mode.

II.1 Anatomy and organization of the optic tectum

One of the most studied region of the central nervous system in both embryos and adults, is the visual system. It is composed of the retina and the connected tissues in the brain. In teleost, the brain structure responsible for the processing of visual inputs is named the optic tectum (OT). In mammals, the homologous region of the OT is called the superior colliculus. The visual system in mammals is more complex and necessitates also the involvement of additional parts of the brain: the lateral geniculate and the visual cortex [START_REF] Sterling | The retina. An approachable part of the brain[END_REF]. The OT is the dorsal part of the vertebrate midbrain (fig 34) which receives afferents from the retina. In particular, it mainly receives axons from the retinal ganglion cells, but also from the pretectum, the dorsal thalamus, the tegmentum, and the nucleus isthmi. [START_REF] Butler | Comparative Vertebrate Neuroanatomy: Evolution and Adaptation[END_REF]. It is noteworthy that the size of the tecta and their complexity change between fish species, depending on their behavior and ecological niches. Species that process more visual information have larger tecta [START_REF] Ito | Diversity of brain morphology in teleosts: brain and ecological niche[END_REF].

Particularly interesting in this context are the intraspecific variations that can be found in subpopulations adapted to live in constant darkness compared with river-adapted subpopulation [START_REF] Eifert | Brain size variation in extremophile fish: local adaptation versus phenotypic plasticity[END_REF]. The OT is a structure involved in the control of eye The zebrafish adult brain contains at least fifteen neurogenic niches. Both radial glial cells (RGCs) and neuroepithelial cells contribute to neurogenesis at adulthood. A. Dorsal view of the zebrafish brain. Red line indicates sagittal section. Black lines indicate section levels through (B) telencephalon, (C) optic tectum and (D) cerebellum. B. Telencephalic cross section indicating neurogenic niches in the pallium/dorsal telencephalon (B1), subpallium/ventral telencephalon (B2) and lateral pallium (B3) that are magnified in the same panel. RGC support neurogenesis in the pallium (GFAP+, vimentin+, S100β+), whereas neuroepithelial cells support neurogenesis in the subpallium and in the lateral pallium (nestin+; ZO1+ in apical membrane). C. Neurogenic niche in the tectum around the margin of the periventricular grey zone facing the tectal ventricle. Boxed area depicts location of the tectal neurogenic niche in C1: non-glia (GFAP-, BLBP-, S100β-) polarized (ZO-1+, γ-tubulin+, aPKC+ at apical membrane) progenitor cells give rise to neurons and periventricular radial glia. D. The cerebellar neurogenic niche gives rise to granule cells and some Bergmann glia. Cerebellar stem/progenitor cells are non-glia (GFAP-, vimentin-, BLBP-, S100β-) but neuroepithelial-like polarized cells (nestin+; ZO-1+, β-catenin+, γ-tubulin+, aPKC+ at the apical membrane). VL indicates the position of the ventricle lumen in every structure.

In addition, it controls visual spatial attention and receives some auditory afferents as well [START_REF] Celesia | Hearing disorders in brainstem lesions[END_REF]. Both components of the visual system (e.g the retina ant the OT) are organized similarly in several well organized layers.

The OT can be subdivided in three layers: the periventricular gray zone (PGZ) also called the stratum periventriculare (SPV) which contains most cell bodies of the tectal neurons; the superficial and central zones, which can be found within the neuropil and where the tectal afferents terminate (Nguyen et al., 1999). The superficial and central zone can further be subdivided into several layers (fig 35A). However, the number of these layers depends on the considered species. In most teleost, the superficial zone includes the stratum opticum (SO) and the stratum marginale (SM), while the central zone is composed of the stratum fibrosum et griseum superficiale (SFGC), stratum griseum centrale (SGC) and stratum album centrale (SAC) [START_REF] Cerveny | Continued growth and circuit building in the anamniote visual system[END_REF]. One of the particularity of the visual system resides in the topographic organization of the retina and the optic tectum. Indeed, tectal termini of retinal afferents reflect their body position in the retina [START_REF] Baier | Synaptic laminae in the visual system: molecular mechanisms forming layers of perception[END_REF]fig 35A).

Retinal ganglion cells axons project from the retina to the contralateral or ipsilateral hemisphere of the tectum. Therefore, a retinotopic map is formed in the tectum (Cerveny

et al., 2012).

As mentioned in the chapter "adult neurogenesis", the OT as well as the retina are growing throughout life. Thus, the retinotectal connections need to be continuously adjusted but they need to maintain the appropriate representation of the visual space (fig 35B).

II.2 Embryonic origins of the OT

As described in the chapter dedicated to embryonic neurogenesis, at the onset of gastrulation, the neural plate begins to form and to regionalize in order to give rise to the diverse regions of the brain. Morphogenesis of the brain is triggered by the generation of local signaling centers playing a major role in neural plate patterning and fate specification.

In particular, OT determination and localization requires the involvement of different signaling centers, and is included in the general patterning of the neural plate. At present, two signaling centers have been identified: the anterior neural boundary (ANB) necessary for telencephalic fate, and the isthmic organizer (IsO) involved in the development of both mesencephalic and metencephalic structures and in the positioning of the MHB (Wurst and Bally-Cuif, 2001). In addition, Affaticati et al. showed that an additional region of the brain would act as a morphogenetic entity. This region, called the optic recess region (ORR) is situated in the forebrain around the optic recess, between the telencephalon and the hypothalamus. The identification of this zone has been based on the presence of bundles of fibers, radial glial cells and differentiating neurons [START_REF] Affaticati | Identification of the optic recess region as a morphogenetic entity in the zebrafish forebrain[END_REF]. However, so far, no functional analyzes has been performed in order to identify the precise role of this region. One of the most studied signaling center in vertebrates is the IsO, the organizer responsible for the development of the midbrain/hindbrain boundary (MHB; Raible and Brand, 2004). Indeed, the MHB domain has retained many attention as it is required for patterning and differentiation of the midbrain and cerebellum. The IsO is largely conserved In the retina, a ten layered structures is present, gathering several cell type afferents such as ganglions cells neurites and amacrine cells (colored bands on the left, IPL). Ganglion cells axons leave the eye via the optic nerve and project to the optic tectum. In the OT neuropil, each axons terminate in one of ten layers (colored band in the right). [START_REF] Baier | Synaptic laminae in the visual system: molecular mechanisms forming layers of perception[END_REF]. B. Progression of the retinotectal connections shift over time. On the left panel, the retinotectal projections form a retinotopic map in the OT. Over time, when both retina and OT are growing, each tectal hemispheres are adding new cells in a crescent shape at the periphery. In the retina, the growth of the structure is triggered by the addition of cells circumferentially. Because new neurons are added in discordant patterns, the retino-tectal connections need to be remodeled to conserve the map. ( The expression of fgf8 is induced, between the caudal limit of otx2 and the rostral limit of gbx2 in MHB. fgf8 expression domain corresponds to a neuron-free neuroepithelial zone in which neurogenesis is delayed. This feature is conserved across evolution [START_REF] Vieira | Molecular mechanisms controlling brain development: an overview of neuroepithelial secondary organizers[END_REF]. In zebrafish, this neuroepithelial zone had been named the intervening zone (IZ) and it has been demonstrated that, in this region, neurogenesis is inhibited by virtue of Her5 protein action [START_REF] Geling | bHLH transcription factor Her5 links patterning to regional inhibition of neurogenesis at the midbrain-hindbrain boundary[END_REF]. Moreover, it has been shown that her5+ cells could contribute both to the midbrain and to the hindbrain formation until the end of the somitogenesis thereby highlighting that her5 is the earliest marker of the MHB [START_REF] Tallafuss | Tracing of her5 progeny in zebrafish transgenics reveals the dynamics of midbrain-hindbrain neurogenesis and maintenance[END_REF]. her5 expression characterizes some cells that will contribute to the midbrain growth until adulthood [START_REF] Chapouton | her5 expression reveals a pool of neural stem cells in the adult zebrafish midbrain[END_REF]. In the second and third phases, the specific epigenetic program of the IsO is activated and maintained. Once established, the IsO starts to organize the adjacent territories which are the OT, anteriorly (dorsal midbrain) and the cerebellum posteriorly (metencephalon) [START_REF] Rapacioli | Morphogenetic and Histogenetic Roles of the Temporal-Spatial Organization of Cell Proliferation in the Vertebrate Corticogenesis as Revealed by Inter-specific Analyses of the Optic Tectum Cortex Development[END_REF].

II.3 Morphogenesis of the optic tectum

II.3.1 The conveyor belt neurogenesis of the teleost optic tectum

Following the determination of the OT, this latter grows according to a tightly regulated process. Specifically, in teleost, OT neurogenesis is spatially and temporally regulated as it depends on how NePCs, post-mitotic cells and differentiating neurons are localized within the developing OT. In the early phase of morphogenesis, the whole tectal plate is be used to answer cell-cycle related questions [START_REF] Devès | Transcriptional mechanisms of developmental cell cycle arrest: problems and models[END_REF]. According to the definition "A CCB is an organ, or a part of an organ that has a balanced growth pattern so that, during development, there is no mixing between proliferative cells and cells that exit the cycle. Typically, these are polarized growing organs which bear at one pole (or extremity) a zone of actively dividing progenitors, followed by a zone of cells exiting the cycle, followed by a zone of differentiating cells" [START_REF] Devès | Transcriptional mechanisms of developmental cell cycle arrest: problems and models[END_REF]). In the OT there is a spatio-temporal correlation between the position of a cell and its differentiation state. Thus, the OT completely fulfills the definition of cellular conveyor belt. Interestingly, several examples of cellular conveyor belts have been described in vertebrate such as mammal's intestinal crypts (fig 38A), frog's retina or mammal's bone growth. Moreover, this mode of growth can also be found in non-vertebrates like in the growth of cnidarian tentacles or cerebral ganglion of some snails [START_REF] Devès | Transcriptional mechanisms of developmental cell cycle arrest: problems and models[END_REF]. 

II.3.2 Life-long growth of the optic tectum in teleost

Several studies demonstrated that, in the adult zebrafish OT, proliferating cells exist within the dorsal, caudal, and ventral margins of the periventricular gray zone (Grandel et al., 2006;[START_REF] Marcus | Neurogenesis in the visual system of embryonic and adult zebrafish (Danio rerio). off[END_REF][START_REF] Zupanc | Proliferation, migration, neuronal differentiation, and long-term survival of new cells in the adult zebrafish brain[END_REF]. Interestingly, Grandel and colleagues using simple pulse BrdU experiments labeled a region that has been named PML (posterior mesencephalic lamina; fig 40A and40B). This thin layer of cells starts dorsally at the proliferative tectal margin, continues as non-proliferative lamina and becomes proliferative again as it touches the cerebellum in the medial region called the isthmus. Cells in the PML contribute to the formation of the OT at adulthood. Moreover, laterally, they contribute to the formation of the torus semicircularis (TS,fig 40C). Adult tectal progenitors have been further characterized both in zebrafish (Ito et al., 2010) and medaka (Alunni et al., 2010). In both species slow-cycling label-retaining cells have been found at the caudal-most tip of the adult tecta. Interestingly, these cells express neural stem cells marker such as sox2 and musashi1, but they do not express any radial glia marker such as blbp or gfap. Together these data highlight the fact that neuroepithelial cells persist until adulthood in teleosts and they actively contribute to neurogenesis in the OT. Slow cycling cells reported in these two works correspond to the dorsal most part of the PML identified by Grandel and colleagues (fig 42;Grandel et al., 2006).

Furthermore, it has been demonstrated, by fluorescent in situ hybridization (FISH) experiments, that these cells express three notch receptors (notch1a/1b/3; de Oliveira-

Carlos et al., 2013).

Notch signaling might thus be required to keep the progenitor niche as a neuron-free zone. It is noteworthy, that Notch signaling and, in particular, the activation of the Notch 3 receptor is required for the quiescence of the radial glial cells in the zebrafish telencephalon (Chapouton et al., 2010;Alunni et al., 2013). Further studies have tried to assess the characteristics of the adult proliferation zone in OT as well as their embryonic origins. Indeed, preliminary, Chapouton et al. showed that at adulthood, her5+ cells were located at the junction between the midbrain and the hindbrain barrier (Chapouton et al., 

II.3.3 The TMZ population is heterogeneous

In the OT and the retina, the TMZ and CMZ can be subdivided in two zones: the external 

AIM OF THE PHD

Cell identity regulation studies have been, for decades, focused on transcriptional mechanisms. However, the idea that translation regulation could be crucial for cell identify and cell fate is arising. Not only gene expression would be controlled by targeting promotor activity, but also, it would be regulated through the tuning of ribosome quality and quantity.

In the CASBAH group, we use zebrafish optic tectum (OT) as a model to study cell fate determination and cell cycle regulation. Indeed, the oriented mode of growth of the structure allows to predict the role of genes expressed in the region of interest. In particular, we are interested in understanding the molecular cues that contribute to determine progenitor cell identity. To this aim, the group has investigated the molecular signature of the neuroepithelial progenitors that support the life-long growth of the teleost OT.

Interestingly, the expression of some genes appeared to be restricted to the proliferative cells, and more precisely to the neuroepithelial progenitor cells of the optic tectum. What does make these cells so different from the adjacent cells? The team first observed a preferential expression of genes coding for factors involved in nucleotide and ribosome biogenesis pathways in the progenitor population. Why are these general factors expressed in such a restricted manner? Do they play specific roles in neuroepithelial cell biology?

We made the hypothesis that, in those tectal neuroepithelial progenitor cells, specialized ribosomes and/or various pathways or ribosome biogenesis would lead to slightly different ribosomes allowing a regulation of cell cycle progression and cell identity.

In this context, I performed a functional study of Fibrillarin, the methyltransferase of the box C/D snoRNP complex to understand the relationship between ribosome biogenesis factor coding genes and cell cycle regulation. In particular I analyzed zebrafish null mutant for fbl. fbl mutants display specific midbrain defects, massive apoptosis, impaired translational activity and cell cycle progression defaults. I devoted a paper to this work which will be submitted very soon.

A transcriptomic approach has been performed by a post-doctoral researcher of the group (Dambroise et al., 2017). Indeed, new pathways involved in adult neural progenitor homeostasis were highlighted by this transcriptomic analysis, including new ribosome biogenesis factor genes. Quantitative analyzes of the various genes expressed in the different cell types of the OT and in situ hybridization screen allowed to point out the new candidate pa2g4 which could be involved in the regulation of cell cycle. I first characterized its expression pattern during zebrafish development. Moreover, to investigate the putative specific role of pa2g4 in the highly proliferative population of the OT, I generated several transgenic lines necessary for the functional study of the gene.

Since my first arrival in the group, we have witnessed a veritable explosion of papers highlighting the intimate relationship between ribosome biogenesis and progenitor cell biology. Not only ribosome biogenesis contributes to the homeostasis of these cells, but it also contributes to the determination of their identity. As described in the first chapter of the introduction, ribosome biogenesis is not anymore seen as a ubiquitous process, but it is now accepted that this process can be cell, tissue or organ specific. We reported the molecular signature of those cells by following cell sorting of three different cell populations (wdr12:GFP+, wdr12:GFP-and ebf3:GFP+ labelling differentiated cells) and subsequent RNA-sequencing (RNA-seq). Gene ontology analyzes demonstrated a specific molecular fingerprint in the active neuroepithelial cells. In addition, comparative analysis of lists of genes expressed in the ventricular zone of the cortex in human fetuses and in mouse embryos with the list of genes overexpressed in tectal NePCs led to the identification of neuroepithelial markers. In particular, in this context I performed WMISH for six of those genes in zebrafish embryos and juvenile brains since zebrafish and medaka have a similar tectal mode of growth. Five of them, showing highly restricted pattern of expression in NePCs, could serve as markers of a putative conserved molecular signature.

INTRODUCTION

Adult neurogenesis has long been known to occur in vertebrates [START_REF] Bayer | Neurons in the rat dentate gyrus granular layer substantially increase during juvenile and adult life[END_REF], but interest in this process has recently increased. We need to identify the various cell types with stem properties in the adult brain, to be able to evaluate the heterogeneity of neurogenesis between niches and species. In the central nervous system (CNS) of amniotes, postembryonic stem/ progenitor cell populations generally have a glial phenotype, either radial glial or astrocytic in nature [START_REF] Grandel | Comparative aspects of adult neural stem cell activity in vertebrates[END_REF]. In mammals, adult neural stem cells (aNSCs) are largely restricted to the telencephalon. They are derived from embryonic radial glial cells [START_REF] Alvarez-Buylla | A unified hypothesis on the lineage of neural stem cells[END_REF][START_REF] Merkle | Radial glia give rise to adult neural stem cells in the subventricular zone[END_REF][START_REF] Xu | Radial glia, the keystone of the development of the hippocampal dentate gyrus[END_REF] and do not give rise directly to neurons; instead, they first generate intermediate progenitor cells [6]. The molecular fingerprints of these cells reveal their heterogeneity, in terms of active cycling or quiescence [START_REF] Codega | Prospective identification and purification of quiescent adult neural stem cells from their in vivo niche[END_REF], and the combination of markers expressed [START_REF] Beckervordersandforth | In vivo targeting of adult neural stem cells in the dentate gyrus by a split-cre approach[END_REF][START_REF] Giachino | Molecular diversity subdivides the adult forebrain neural stem cell population[END_REF][START_REF] Merkle | Mosaic organization of neural stem cells in the adult brain[END_REF][START_REF] Suh | In vivo fate analysis reveals the multipotent and self-renewal capacities of Sox21 neural stem cells in the adult hippocampus[END_REF]. Studies of aNSCS in organisms other than mammals have focused principally on the zebrafish telencephalon, in which radial glial neural stem cells and intermediate progenitors have been characterized [START_REF] Pellegrini | Identification of aromatase-positive radial glial cells as progenitor cells in the ventricular layer of the forebrain in zebrafish[END_REF][START_REF] Rothenaigner | Clonal analysis by distinct viral vectors identifies bona fide neural stem cells in the adult zebrafish telencephalon and characterizes their division properties and fate[END_REF][START_REF] Chapouton | Notch activity levels control the balance between quiescence and recruitment of adult neural stem cells[END_REF][START_REF] M€ Arz | Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon[END_REF]. However, the picture of adult neurogenesis based entirely on glial cells that has emerged from these studies needs to be refined, as it does not capture the complexity of vertebrate aNSCs.
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stem cell activity in mice [START_REF] Coskun | CD1331 neural stem cells in the ependyma of mammalian postnatal forebrain[END_REF], and administration of vascular endothelial growth factor can reactivate quiescent ependymal cells in non-neurogenic regions of the adult brain [START_REF] Luo | Singlecell transcriptome analyses reveal signals to activate dormant neural stem cells[END_REF].

The situation in teleosts is far more complex. The adult teleost brain is a site of continuous, intense proliferative activity that is by no means restricted to the telencephalon [START_REF] Grandel | Neural stem cells and neurogenesis in the adult zebrafish brain: origin, proliferation dynamics, migration and cell fate[END_REF][START_REF] Zupanc | Adult neurogenesis and neuronal regeneration in the central nervous system of teleost fish[END_REF]. In some of the zones of proliferation in the teleost brain, the aNSCs have neuroepithelial, rather than radial glial, characteristics. In vertebrates, the neural tube is initially made up of neuroepithelial cells, which divide symmetrically to expand the neural progenitor pool. The resulting neural progenitors subsequently give rise to the neurons, glia, and ependymal cells collectively forming the CNS [START_REF] Alvarez-Buylla | A unified hypothesis on the lineage of neural stem cells[END_REF]6,[START_REF] G€ Otz | The cell biology of neurogenesis[END_REF]. Several studies have demonstrated that some of proliferative aNSC populations are indeed neuroepithelial-like stem/progenitor (NE) cells rather than radial glial cells. This is particularly true in the optic tectum (OT) and cerebellum, which contain large populations of aNSCs [START_REF] Alunni | Evidence for neural stem cells in the medaka optic tectum proliferation zones[END_REF][START_REF] Ito | Characterization of neural stem cells and their progeny in the adult zebrafish optic tectum[END_REF][START_REF] Lindsey | The cellular composition of neurogenic periventricular zones in the adult zebrafish forebrain[END_REF][START_REF] Kaslin | Stem cells in the adult zebrafish cerebellum: initiation and maintenance of a novel stem cell niche[END_REF]. Moreover, Dirian et al. [START_REF] Dirian | Spatial regionalization and heterochrony in the formation of adult pallial neural stem cells[END_REF] have identified a population of adult NE cells maintained from early developmental to postembryonic stages in the zebrafish lateral pallium.

All these results highlight the importance of nonradial glial stem cells in adult neurogenesis, at least in teleosts. However, the overall distribution, cell cycle properties, and molecular hallmarks of NE cells in these animals have been little studied at postembryonic stages. We focused on these aspects in this study.

Using the promoter of wdr12, which encodes a ribosome biogenesis factor, we established a fluorescent reporter line of NE cell in the medaka [START_REF] H€ Olzel | Mammalian WDR12 is a novel member of the Pes1-Bop1 complex and is required for ribosome biogenesis and cell proliferation[END_REF][START_REF] Recher | Zebrafish midbrain slow-amplifying progenitors exhibit high levels of transcripts for nucleotide and ribosome biogenesis[END_REF]. Immunohistochemistry (IHC) on sections and 3D reconstructions of cleared brains show that NE cells populate most of the zones of proliferation in the postembryonic medaka brain.

We performed cell cycle and molecular studies on NE cells from the OT, the largest structure of the CNS, which accounts for a substantial proportion of the mitotic cells in the adult brain and the morphological features of which are wellcharacterized [START_REF] Alunni | Evidence for neural stem cells in the medaka optic tectum proliferation zones[END_REF][START_REF] Nguyen | Morphogenesis of the optic tectum in the medaka (Oryzias latipes): a morphological and molecular study, with special emphasis on cell proliferation[END_REF].

We analyzed the transcriptome of OT wdr12:GFP 1 cells, to characterize their molecular profile, and to highlight pathways potentially involved in the homeostasis of NE cells. OT NE cells display a broad range of levels of proliferative activity (from slow cycling to rapid division), and at least some of the slowly dividing cells are in the G2 phase and strongly express DNA repair genes. Whole-mount in situ hybridization (WMISH) experiments showed that OT NE cells have several molecular features in common with NE populations from elsewhere in the brain. We then performed comparative analyses to identify neuroepithelial markers common to several animal species. We present here a detailed molecular and cellular description of an important stem/progenitor cell population from medaka brain. Our findings provide new insight into neural stem cell biology.

MATERIALS AND METHODS

Animals and Transgenic Lines

Medaka lines were maintained at 278C in our facility. Embryos were kept at 288C and staged as described by Iwamatsu [START_REF] Iwamatsu | Stages of normal development in the medaka Oryzias latipes[END_REF]. We used 1-month-old fish for this study. All procedures were performed in accordance with European Union Directive 2011/63/EU and were approved by the local ethics committee (no. 59 CEEA)

Immunohistochemistry and EdU Labeling

IHC was performed as previously described [START_REF] Alunni | Evidence for neural stem cells in the medaka optic tectum proliferation zones[END_REF]; see the Supporting Information for a list of the antibodies used. For 5-Ethynyl-2'-deoxyuridine (EdU) experiments, fish were intraperitoneally injected with 10 mM EdU (1 ml/15 mg) and killed by over-anesthesia 1 hour later. Their brains were dissected out and treated as previously described for IHC. EdU was detected with the EdU Click-iT Plus EdU Alexa Fluor 594 Imaging Kit (Life Technologies, Rockville, MD, http://www.lifetech.com), according to the manufacturer's protocol.

Cell Dissociation, FACS, Sample Preparation, and RNA Sequencing

We followed a slightly modified version of a published protocol [START_REF] Manoli | Fluorescence-activated cell sorting (FACS) of fluorescently tagged cells from zebrafish larvae for RNA isolation[END_REF]. Cells were sorted on a MoFlo Astrios (Beckman Coulter) cytometer. RNA was isolated with the PicoPure Isolation kit, according to the manufacturer's protocol (Life Technologies, Rockville, MD, http://www.lifetech.com). Three wdr12:GFP 1 , two wdr12:GFP 2 , and three ebf3:GFP 1 samples were used for library construction (Epicentre, Madison, WI, http://www.epibio.com). Library construction was performed with the Total-Script RNA-Seq Kit, according to the manufacturer's protocol. Libraries were sequenced on an Illumina Hiseq 1000 instrument, with a TruSeq SR Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, https://www.illumina.com) and TruSeq SBS Kit v3-HS-50 cycles (Illumina), and a 50 bp-single read protocol. See the Supporting Information for additional details.

Analysis of RNA-Seq Datasets

Data were demultiplexed with CASAVA software (CASAVA-1.8.2). Data quality was checked with FastQC 0.10.1. Reads were mapped to the genome of Oryzias latipes oryLat2 (downloaded from UCSC), with TopHat2. RNA-seq and gene expression profiles were analyzed with dedicated software (Supporting Information). The RNA-Seq data have been submitted to NCBI Gene Expression Omnibus (accession number GSE80497). Functional clustering was performed with DAVID and the Gene Ontology (GO) database. Each cluster was named as a function of the main biological process detected. Ingenuity V R Pathway Analysis (IPA V R ) software (Ingenuity Systems) was used to assess the involvement of differentially expressed genes from canonical pathways and/or networks. A comparative analysis was performed, by comparing the list of genes upregulated in wdr12:GFP 1 cells relative to the control with the lists of genes known to be overexpressed in the ventricular zones of the cortex in mice and humans. Genes were considered to be differentially expressed if an adjusted p value <.05 was obtained [START_REF] Fietz | Transcriptomes of germinal zones of human and mouse fetal neocortex suggest a role of extracellular matrix in progenitor self-renewal[END_REF].

Whole-Mount in Situ Hybridization. Brains were dissected out and processed as previously described [START_REF] Xu | Spatially regulated expression of three receptor tyrosine Dambroise, Simion, Bourquard et al. 13 www.StemCells.com V C AlphaMed Press 2017 kinase genes during gastrulation in the zebrafish[END_REF], but with the proteinase K treatment (10 mg/ml) reduced to 15 minutes. Antisense riboprobes were diluted in a hybridization buffer containing 5% dextran. For histological analysis, 8-mm-thick paraffin sections were prepared as previously described [START_REF] Brombin | Genome-wide analysis of the POU genes in medaka, focusing on expression in the optic tectum[END_REF]. For Digoxigenin (DIG)-riboprobes, see Supporting Information. 

Whole-Brain Imaging Procedure

Samples were fixed in 4% formaldehyde, infused with a hydrogel monomer solution (4% acrylamide and 0.005% bisacrylamide) for 2 days and polymerized for 3 hours. They were cleared by incubation in 8% SDS for 1 week. They were then incubated with antibodies in a solution containing 10% Dimethyl sulfoxide (DMSO), 2% Normal Goat Serum (NGS), and 0.05% sodium azide, for 2 weeks at room temperature. Samples were mounted in a fructose-based high-refractive index solution and imaged with a Leica TCS SP8 two-photon microscope equipped with a CLARITY specific objective. See Supporitng Information for more details.

RESULTS

Isolation of a Driver Active in OT NE Cells

In teleosts, the OT grows continuously through the addition of columns of cells at its periphery in a "conveyor belt" process [START_REF] Alunni | Evidence for neural stem cells in the medaka optic tectum proliferation zones[END_REF][START_REF] Nguyen | Morphogenesis of the optic tectum in the medaka (Oryzias latipes): a morphological and molecular study, with special emphasis on cell proliferation[END_REF][START_REF] Deve | Transcriptional mechanisms of developmental cell cycle arrest: problems and models[END_REF]. A population of NE cells has been identified at the OT margin [START_REF] Alunni | Evidence for neural stem cells in the medaka optic tectum proliferation zones[END_REF], in a zone referred to hereafter as the external tectal marginal zone (TMZe) [START_REF] Joly | A conserved developmental mechanism builds complex visual systems in insects and vertebrates[END_REF]. These cells form a ribbon of proliferative cells linking the OT to adjacent regions and with morphological features similar to those of an ependymal sheet. Once the progeny of these NE cells reach the tip of the OT periventricular grey zone, they start to proliferate more rapidly, generating the round transit-amplifying progenitors (TAPs) that form the internal TMZ (TMZi) [START_REF] Ito | Characterization of neural stem cells and their progeny in the adult zebrafish optic tectum[END_REF][START_REF] Recher | Zebrafish midbrain slow-amplifying progenitors exhibit high levels of transcripts for nucleotide and ribosome biogenesis[END_REF] (Fig. 1A).

In a previous study [START_REF] Recher | Zebrafish midbrain slow-amplifying progenitors exhibit high levels of transcripts for nucleotide and ribosome biogenesis[END_REF], we found that ribosome biogenesis gene transcripts were abundant in OT NE cells (Fig. 1B). We noticed that two of these genes, wdr12 and nop58, were near-neighbors in the medaka genome, being separated by only 3 kb. We screened for regulatory elements at this locus (Fig. 1C) and isolated a putative driver containing the wdr12 promoter and 2.2 kb of upstream sequences. This element drove identical patterns of green fluorescent protein (GFP) expression in the CNS at stage 37 in five independent lines (not shown). We established a wdr12:GFP line from one of the founders.

GFP was strongly expressed in the TMZe, but some fluorescence was also observed in the TMZi. We quantified relative fluorescence levels and the mean diameters of the nuclei in the two regions. We found that the TMZe, which houses cells with larger nuclei, had fluorescence levels 1.6 times higher than those of the TMZi (Supporting Information Fig. S1). Thus, GFP was strongly expressed in NE cells, and the GFP was inherited by subsequent amplifying cells and/or differentiating neurons. Colabeling with the cell proliferation marker Proliferating Cell Nuclear Antigen (PCNA) (96.3% 6 0.6 of GFP 1 cells) and the pluripotency-associated marker SRY (Sex-Determining Region Y)-Box 2 (SOX2) (82.1% 6 5.7 of GFP 1 cells) confirmed that most OT GFP 1 cells were stem/progenitor cells (Fig. 1D,1E). These cells also displayed apical labeling with the cell polarity marker atypical Proteine kinase C (aPKC) (Fig. 1F). By contrast, GFP 1 cells in the OT displayed only low levels of colabeling with the neuronal marker HuC/D (7.2% 6 0.5 of GFP 1 cells) and with the marker of young migrating neurons polysialylated neuronal cell adhesion molecule (PSA-NCAM) (Fig. 1; Supporting Information Fig. S1). GFP 1 cells displayed no labeling for the glial markers glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), and S100. Similar results were obtained with adult fish (not shown). These results identify postembryonic tectal GFP 1 cells in the wdr12:GFP medaka line as bona fide NE cells [START_REF] Than-Trong | Radial glia and neural progenitors in the adult zebrafish central nervous system[END_REF] but they also highlight the heterogeneity of this cell population.

GFP 1 Cells Are Found in Most Proliferation Zones of the Juvenile Brain

We then used the wdr12:GFP line to map all the populations of GFP 1 cells in the medaka juvenile brain, with an improved protocol for whole-mount immunostaining and a modified version of the "CLARITY" protocol [START_REF] Chung | CLARITY for mapping the nervous system[END_REF]. One-month-old fish were used because they have all the features of adult fish [START_REF] Anken | Brain Atlas of the Medaka Fish (Oryzias latipes)[END_REF], and the size of their brains facilitates the clearing procedure. We validated this new clearing protocol with the PCNA antibody (Supporting Information Fig. S2).

Cleared wdr12:GFP brains were counterstained with DiI, for visualization of the distribution of GFP 1 cells at single-cell resolution. The following labeling pattern was obtained (from anterior to posterior): in the pallium, GFP 1 cells were found in the dorsomedial ventricular zone (VZ), the pallial posterolateral edge, and the ventral part of the subpallium (Figs. 2A1-A3, 3A-3C). The VZ of the preoptic area (Fig. 2A11) was highly fluorescent, as was the ventral habenula (Fig. 2A7) and the adjacent VZ of the dorsal thalamus (Fig. 2A10). Other diencephalic VZs were labeled: the VZ of the ventromedial nucleus in the prethalamus (Fig. 2A10) and the VZ of the ventral, dorsal, and caudal parts of the hypothalamus (Fig. 2A12). In the posterior tuberculum, GFP 1 cells were present only in the tuberal nuclei (Fig. 2A5). The TMZe and the cerebellar proliferation zones were intensely labeled (Fig. 2A8,2A9). In the caudal rhombencephalon, the VZs of the vagal lobe and the solitary tract nucleus contained numerous GFP 1 cells (Fig. 2A6). A few of the labeled cells in the rhombencephalon were differentiated neurons displaying complex dendritic arborization.

Overall, this pattern of GFP expression in VZs closely matched the map of proliferation zones. We assessed the correlation between GFP and cell proliferation, by 3D reconstructions of the whole brain for analysis of the distributions of both GFP and PCNA labeling (Fig. 2B; Supporting Information Movie1). GFP was detected in all zones of proliferation (compare Fig. 2B,2C), and the correlation between GFP and PCNA labeling was strong (Pearson's coefficient 5 0.8 and Manders overlap coefficient 5 0.86).

Qualitative assessments of the correlation between PCNA and GFP expression during embryonic development yielded similar conclusions. GFP was expressed in the same areas as PCNA, at all stages considered: from the early proliferating neuroepithelium to restricted zones of proliferation at later stages (Supporting Information Fig. S3A). We detected GFP 1 cells in almost all germinal areas of the juvenile brain, the paraventricular organ being the only notable exception.

Detection of New Regions Containing Postembryonic NE Cells in the wdr12:GFP Line

We studied the VZ of the anterior thalamic nucleus and the margin of the caudal cerebellar lobe, two zones of proliferation that have never, to our knowledge, been investigated in detail. The GFP 1 cells in these regions had the same antigenic profile as their OT counterparts: PCNA 1 , SOX2 1 , polarized (aPKC 1 and ZO-1 1 ), and negative for markers of radial glial Dambroise, Simion, Bourquard et al. Horizontal sections of a cleared 1month-old wdr12:GFP fish brain stained as indicated in (A1). Twelve ventricular zones (VZs) harbor GFP 1 cells: the dorsomedial pallium (A1: this panel is a maximal projection of the expression observed at the surface of the pallium), the posterolateral edge of the pallium (A2), the subpallium (A3), the preoptic area (A11), the ventral habenula (A7), the dorsal thalamus (A10), the posterior tuberculum (A5), the ventromedial thalamic nucleus (A4), the ventral, dorsal, and caudal hypothalamus (A12), the TMZe (A8), the tip of the cerebellar caudal lobe (A9), and the solitary tract (A6). (B): Volume rendering of a 1-month-old medaka brain cleared and stained for PCNA. The 12 zones of proliferation are segmented in different colors. (C): Volume rendering of a 1-month-old wdr12:GFP fish brain cleared and stained for GFP (volume in green) and PCNA (volume in violet). The yellow volume represents the overlap between the two types of staining. Scale bar 5 100 mm (A1-A3, A7-A12); 50 mm (A4-A6). See Supporting Information Table S1 for anatomical structure abbreviations. Abbreviations: A, anterior nucleus of diencephalon; Cb, cerebellum; CM, corpus mamillare; EP, epiphysis; FR, fasciculus retroflexus; GFP, green fluorescent protein; GL, cerebellar granule cell layer; H, habenula; HD, dorsal periventricular hypothalamus; HV, ventral periventricular hypothalamus; LC, cerebellar caudal lobe; ML, cerebellar molecular layer; NDIL, diffuse nucleus of inferior lobe; NST, nucleus of the solitary tract; OB, olfactory bulb; PGZ, periventricular grey zone; PM, magnocellular preoptic nucleus; PP, periventricular pretectal nucleus; PVO, paraventricular organ; SC, suprachiasmatic nucleus; Tel, telencephalon; TP, posterior tuberal nucleus; TMZe, external tectal marginal zone; VM, ventromedial nucleus. [To view the 3D model of Figure 2 please download the PDF version of this article available at wileyonlinelibrary.com] cells and neurons (GFAP 2 , GS 2 , Hu 2 ) (Fig. 3). The proportion of GFP 1 cells also positive for SOX2 1 was smaller in the cerebellum than in the OT and diencephalon. We then investigated the dorsomedial pallium, as its VZ contained many small clusters of GFP 1 cells (Supporting Information Fig. S3B), and this part of the brain is known to be rich in radial glial cells in zebrafish. Overall, 6.8% 6 2.3% of the GFP 1 cells reacted with antibodies against GFAP. A similar proportion of GFP 1 cells were found to be immunoreactive with GS: 6.9% 6 1.5 of GFP 1 cells were double-labeled. We can therefore conclude that fewer than 10% of the GFP 1 cells in the dorsomedial pallium are glial. Moreover, PCNA immunolabeling showed that the cells strongly expressing GFP in this region were proliferating (Supporting Information Fig. S3B).

Given that the early neural tube (made of neuroepithelial cells) is GFP 1 (Supporting Information Fig. S3A), and that the zones of proliferation, known to consist of NE cells, in the postembryonic fish brain (the subpallial VZ, the lateral pallium, the OT, and the dorsal midline of the cerebellum) were all GFP 1 in our transgenic line, we concluded that the NE cells were labeled in the wdr12:GFP line.

We observed a similar labeling pattern in the zones of proliferation of the anterior thalamic nucleus and the cerebellar caudal lobe, strongly suggesting that NE cells are present in these previously largely understudied zones. As GFP 1 cells were found in most of the zones of proliferation, it seems likely that these zones of the postembryonic medaka brain contain NE cells.

Cell Sorting and RNA-Seq of OT wdr12:GFP 1 

Cells

We then characterized the transcriptomic profile of the OT NE cells, by cell sorting followed by RNA-seq on wdr12:GFP 1 tectal cells from 1-month-old medakas. As a control, we used wdr12:GFP 2 cells (a mixture of several cell types: TAPs, postmitotic neurons, and glial cells) and ebf3:GFP 1 cells (postmitotic progenitors and differentiated neurons) [START_REF] Mongin | Combining computational prediction of cisregulatory elements with a new enhancer assay to efficiently label neuronal structures in the medaka fish[END_REF] (Fig. 4A; Supporting Information Fig. S4A).

Hierarchical clustering revealed that gene expression profiles were similar between replicates, and samples grouped together on the basis of their cellular identity (Fig. 4B). For further validation, we focused on the POU gene family, for which the pattern of expression during vertebrate neurogenesis has been characterized in detail. Our transcriptomic and WMISH data were highly consistent (Supporting Information Fig. S4B). Pou4f2 was strongly expressed in differentiated cells, whereas pou3f4 was specifically expressed in the proliferating zone. Pou3f2 was expressed in both zones, albeit at different levels in the two controls, with markedly lower levels of expression in wdr12:GFP 2 cells than in ebf3:GFP 1 cells. We retained the two controls, given the quantitative difference between them, to establish a list of genes displaying enhanced expression in NE cells. A more than twofold difference in expression was considered significant, with a false discovery rate of less than 5% (see GSE80497). With these criteria, 1,053 genes were found to be upregulated and 1,004 genes downregulated in wdr12:GFP 1 cells compared to controls.

wdr12:GFP 1 Cells Have a Molecular Fingerprint Typical of Active NE Cells

A cluster analysis of functional annotations made with DAVID showed that the genes downregulated and upregulated in OT wdr12:GFP 1 cells formed 107 and 155 clusters, respectively. The top 10 clusters are indicated in Supporting Information Figure S4C. As expected, genes involved in processes such as neuronal differentiation were more strongly expressed in control cells, whereas genes involved in cell cycle control or DNA replication were more strongly expressed in wdr12:GFP 1 cells (22%). The strong expression of proliferation markers, such as pcna, ki67, and mcm2, confirmed that most of the wdr12:GFP 1 cells were proliferating.

Moreover, genes encoding transcription factors expressed in neural proliferation zones, such as sox2, sox3, zic1, and zic2, proliferation-associated factors (e.g., tead3), and differentiation-inhibiting factors, such as hes5, id1, and id2 (Supporting Information Fig. S4D), were among the genes identified as strongly expressed in wdr12:GFP 1 cells. IPA analysis also revealed the activation of members of signaling pathways known to be important in stem cells, such as the Shh and Notch pathways [START_REF] Alunni | Notch3 signaling gates cell cycle entry and limits neural stem cell amplification in the adult pallium[END_REF] (Supporting Information Fig. S5 and Table S2). We retrieved all the genes of the core machinery of nucleotide synthesis or ribosome biogenesis reported to be important for midbrain neuroepithelial cells [START_REF] Recher | Zebrafish midbrain slow-amplifying progenitors exhibit high levels of transcripts for nucleotide and ribosome biogenesis[END_REF][START_REF] Brombin | Genome-wide analysis of the POU genes in medaka, focusing on expression in the optic tectum[END_REF] and additional members for these pathways. We also found 10 microcephaly-associated genes (mcph1, casc5, aspm, cenpj, phc1, cdk6, mfsd2a, atr, rbbp8, and nin), several of which are known to be strongly expressed in mammalian neuroepithelia [START_REF] Izraeli | The SIL gene is required for mouse embryonic axial development and left-right specification[END_REF][START_REF] Jackson | Identification of microcephalin, a protein implicated in determining the size of the human brain[END_REF][START_REF] Fish | Aspm specifically maintains symmetric proliferative divisions of neuroepithelial cells[END_REF][START_REF] Nicholas | WDR62 is associated with the spindle pole and is mutated in human microcephaly[END_REF] (see GSE80497).

Specificity of Proliferation-Related Genes

NE cells populate most of the zones of proliferation in the postembryonic medaka brain. It is therefore possible that these cells have a common molecular signature, even if present in different regions. These cells displayed high levels of expression for genes involved in proliferative processes (cell cycle control, DNA repair, cytokinesis, DNA replication or ribosome biogenesis). We therefore carried out WMISH on juvenile medaka brains, for 26 proliferation-related genes upregulated in OT wdr12:GFP 1 cells. Histological analyses revealed that only one gene, orc3, was not specifically expressed in the TMZ; this gene seemed to be expressed at the brain surface instead (data not shown). Our analysis identified two classes of genes (Fig. 5). The genes of the first class (15 genes) were expressed in the TMZ, at the midline (not shown) and at the border of the caudal lobe of the cerebellum (Fig. 5B-5E). They were also widely expressed in the VZ of the dorsal telencephalon, in which most proliferative cells are radial glial cells. The expression profile of these genes thus appears to be typical of proliferative cells but not specific to NE cells.

The genes of the second class (nine genes) were not expressed in the VZ of the dorsal telencephalon and displayed a narrow pattern of expression in the OT NE (TMZe), at the midline (not shown) and at the border of the caudal lobe of the cerebellum (Fig. 5F-5J and data not shown). These observations indicate a certain degree of specificity and suggest that the overexpression of these genes in wdr12:GFP 1 cells could be related to other properties of these cells, in addition to their ability to proliferate.

Upregulation of the G2 Phase and DNA Repair Genes in OT NE Cells G1 cyclins (cyclin d1, d2) are expressed at the beginning of the G1 phase, and their levels vary only slightly during the cell cycle. The expression of these molecules was upregulated in wdr12:GFP 1 cells. M-phase cyclins (cyclin b1, b2, and b3) were also found to be upregulated in these cells. Cyclin b1 is expressed mostly during the G2/M transition [START_REF] Cogswell | Upstream stimulatory factor regulates expression of the cell cycle-dependent cyclin B1 gene promoter[END_REF] and is essential for the activation of mitosis. WMISH confirmed that the cyclin b1 gene (ccnb1) was strongly expressed in NE cells, suggesting that some of these cells were in the G2 or M phase (Fig. 6D1). The gene encoding cyclin g1, which is involved in G2/M arrest in response to DNA damage [START_REF] Kimura | associates with MDM2 and regulates accumulation and degradation of p53 protein[END_REF] (see GSE80497), was upregulated, as was FoxM1, which is upregulated in cells with long G2 phases [START_REF] Alvarez-Fern Andez | Recovery from a DNAdamage-induced G2 arrest requires Cdkdependent activation of FoxM1[END_REF].

Overall, 8% of the genes upregulated in wdr12:GFP 1 cells were associated with the G2 phase or with DNA repair (Fig. 6A), including the p53, atm, and atr genes [START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF]. Most DNA repair genes were upregulated, including genes encoding proteins involved in DNA mismatch repair (Fig. 6B) and in double-strand break (DSB) repair by homologous recombination (10 of the 14 genes of this pathway are overexpressed in wdr12: GFP 1 cells, data not shown). WMISH for msh2, pms2, and rpa3 in the tectum showed that the expression of these genes was restricted to the NE cells (Fig. 6D).

We evaluated the cell cycle dynamics of wdr12:GFP 1 cells. S-phase cells were labeled by a short (1-hour) EdU pulse. CCNB1 remains inactive and mostly cytoplasmic in G2, whereas it is rapidly imported into the nucleus and becomes active at the beginning of the M phase [START_REF] Gavet | Activation of cyclin B1-Cdk1 synchronizes events in the nucleus and the cytoplasm at mitosis[END_REF][START_REF] Pines | Human cyclins A and B1 are differentially located in the cell and undergo cell cycle-dependent nuclear transport[END_REF][START_REF] Pines | The differential localization of human cyclins A and B is due to a cytoplasmic retention signal in cyclin B[END_REF]. We used these features to identify cells in the G2 phase. Cells undergoing mitosis were labeled with an anti-phosphohistone 3 (PH3) antibody (Fig. 6E1-6E5). On cross-sections of the lateral part of the OT, wdr12:GFP 1 /CCNB1 1 cells were identified at some distance from the TMZi (Fig. 6E6-6E10). CCNB1 appeared to be cytoplasmic in these cells, suggesting that they had long G2 phases. By contrast, most EdU-positive cells occupied a lateral position, close to the TMZi (Fig. 6E3, 6E8, 6F). Indeed, only 14.5% 6 1.8 of the NE cells distant from the TMZi (yellow) were EdUpositive, whereas 39.7% 6 4.5 of NE cells close to the TMZi (blue) were EdU-positive (Fig. 6G). PH3 labeling showed that only a few NE cells were undergoing mitosis (3.0% 60.5), mostly close to the tectum margin (Fig. 6E1-6E5). The OT NE population is, thus, heterogeneous, with some cells close to the TMZi cycling quickly, whereas others, located further away, proliferate more slowly, possibly due to a longer G2 phase (Fig. 6F).

Identification of Neuroepithelial Markers through Comparative Analysis

We attempted to find markers specific for NE cells by comparing the lists of genes overexpressed in OT NE cells, in the VZ of the cortex in human fetuses 13-16 weeks after conception and in E14.5 mouse embryos, which are known to contain many NE cells (Fig. 7A) [START_REF] Fietz | Transcriptomes of germinal zones of human and mouse fetal neocortex suggest a role of extracellular matrix in progenitor self-renewal[END_REF]. We found that 96 genes were overexpressed in human VZ, mouse VZ, and wdr12:GFP 1 cells. As expected, a high percentage of the overexpressed genes were involved in cell proliferation (53 genes, 55%) (Supporting Information Table S3). We focused on the remaining 43 genes and performed WMISH experiments for six of these genes (Fig. 7B,7E). For five of these six genes, the expression pattern observed was similar to that of GFP in the wdr12: GFP line, with expression in the OT and cerebellum (Fig. 7D). The exception was nr2e1, which was not expressed in the cerebellum. Histological analyses revealed a highly restricted pattern of expression for these genes in the NE cells of the OT and cerebellum. Furthermore, with the exception of yap1, these genes were not expressed in the VZ of the dorsal pallium (Fig. 5B and data not shown). These findings thus identify several markers potentially belonging to a putative conserved molecular signature of NE cells.

DISCUSSION

The wdr12:GFP Line as a Tool for Studying Neurogenesis in Teleosts Unlike mammals, teleosts continue to grow throughout their lives. Various attempts have been made to determine whether the mechanisms governing adult neurogenesis in these fish are the same as those regulating their brain growth during development. Multiple approaches, requiring specific molecular markers, are needed to address this issue. In this study, we developed a tool that labels NE cells in the medaka brain. Our findings clarify several important features of postembryonic fish neurogenesis.

NE Cells Are Widespread in the Medaka Brain

Our results are consistent with NE cells being widespread in the postembryonic medaka brain. They may arise directly from embryonic progenitors [START_REF] Stigloher | Identification of neural progenitor pools by E(Spl) factors in the embryonic and adult brain[END_REF], as suggested by the expression of wdr12:GFP in zones of proliferation in the dorsal telencephalon during development. Our results are not consistent with those previously obtained for the zebrafish pallium, in which neurogenesis is based on glial cells [START_REF] Rothenaigner | Clonal analysis by distinct viral vectors identifies bona fide neural stem cells in the adult zebrafish telencephalon and characterizes their division properties and fate[END_REF][START_REF] Barbosa | Neurodevelopment. Live imaging of adult neural stem cell behavior in the intact and injured zebrafish brain[END_REF][START_REF] Dray | Largescale live imaging of adult neural stem cells in their endogenous niche[END_REF]. Teleost fish may have evolved different modes of pallial neurogenesis. Indeed, zebrafish and medaka, despite their similar life cycles, belong to lineages that diverged at least 200 million years ago. Likewise, we cannot rule out the possibility that some nonglial GFP 1 cells are committed neuroblasts corresponding to the state 3 progenitors of the Dambroise,Simion,Bourquard et al. 11 www.StemCells.com

V C AlphaMed Press 2017 zebrafish pallium [START_REF] Chapouton | Notch activity levels control the balance between quiescence and recruitment of adult neural stem cells[END_REF]. Indeed, in zebrafish, nonglial progenitors, which account for most of the label-retaining cells [START_REF] Ganz | Heterogeneity and Fgf dependence of adult neural progenitors in the zebrafish telencephalon[END_REF], are generally considered to be amplifying cells [START_REF] Rothenaigner | Clonal analysis by distinct viral vectors identifies bona fide neural stem cells in the adult zebrafish telencephalon and characterizes their division properties and fate[END_REF][START_REF] Barbosa | Neurodevelopment. Live imaging of adult neural stem cell behavior in the intact and injured zebrafish brain[END_REF]. But the possibility that NE cells are present in the zebrafish pallium, at smaller numbers than in medaka, cannot be excluded.

Recent lineage studies have identified such cells in the zebrafish lateral and posterior telencephalon [START_REF] Dirian | Spatial regionalization and heterochrony in the formation of adult pallial neural stem cells[END_REF]. Furthermore, cell type characterizations based on ultrastructure studies have yielded results inconsistent with the presence of neuroblasts [START_REF] Lindsey | The cellular composition of neurogenic periventricular zones in the adult zebrafish forebrain[END_REF]. In killifish, putative neuroblasts (doublecortin1 (DCX1) cells) are detected three to four cell diameters away from the pallial ventricle, rather than in the ventricular location of the wdr12:GFP 1 cells in medaka.

The wdr12:GFP 1 Cell Population Is Heterogeneous

The wdr12:GFP 1 cell population is heterogeneous, like all stem cell populations analyzed to date. This heterogeneity is visible at different levels. First, there are morphological differences between TMZe (NE) and TMZi cells. Second, OT NE cells are themselves heterogeneous in terms of their proliferation state, as reported for mouse radial glial cells [START_REF] Codega | Prospective identification and purification of quiescent adult neural stem cells from their in vivo niche[END_REF]. Third, OT NE cells are heterogeneous in terms of their organization within tissues: the NE cells in the diencephalon and cerebellum appear to be pseudostratified, whereas those in the OT form a monolayer similar to the ependymal structure linking different brain areas.

Our results raise the intriguing possibility that the stem cell niche in the fish OT consists not only of "typical" NE cells but also of ependymal NE cells. Ependymal tissues have been implicated in brain regeneration in previous studies [START_REF] Tanaka | Considering the evolution of regeneration in the central nervous system[END_REF]. In adult newts, the ablation of midbrain dopaminergic neurons induces a burst of ependymal cell proliferation, which leads to dopaminergic neuron production [START_REF] Berg | Dopamine controls neurogenesis in the adult salamander midbrain in homeostasis and during regeneration of dopamine neurons[END_REF]. In the mouse spinal cord, ependymal cells have been shown to be involved in regeneration after lesions [START_REF] Sabelstr€ Om | Resident neural stem cells restrict tissue damage and neuronal loss after spinal cord injury in mice[END_REF]. These examples correspond to different vertebrate clades. It is therefore possible that brain ependymal cells are a more widespread than originally thought "generic" form of neural stem cells. If so, studies in teleosts, and the fine characterization of this cell population in well-defined models, such as the medaka optic tectum, are particularly valuable.

Long G2 Phases and Boosted DNA Repair Mechanisms in OT NE Cells

The strong expression of G2-associated markers observed in RNA-seq experiments raised the intriguing possibility that NE cells might have long G2 phases, at least in the OT. Further evidence in support of this hypothesis is provided by the presence of CCNB1 in their cytoplasm and their expression of FoxM1, a transcription factor coordinating the regulators of the G2/M phase of the cell cycle. Indeed, cells arrested in G2 due to DNA damage require FoxM1 activity to re-enter the cell cycle [START_REF] Alvarez-Fern Andez | Recovery from a DNAdamage-induced G2 arrest requires Cdkdependent activation of FoxM1[END_REF].

To our knowledge, long G2 pauses in stem cells have been observed only in organisms with a high regeneration potential, such as hydra, planarians, axolotl, and super-healing Murphy Roths Large (MRL) mice, which display efficient skin regeneration [START_REF] Bedelbaeva | Lack of p21 expression links cell cycle control and appendage regeneration in mice[END_REF][START_REF] Buzgariu | Robust G2 pausing of adult stem cells in Hydra[END_REF][START_REF] Eisenhoffer | Molecular analysis of stem cells and their descendants during cell turnover and regeneration in the planarian Schmidtea mediterranea[END_REF][START_REF] Rao | Proteomic analysis of blastema formation in regenerating axolotl limbs[END_REF]. As reported by Harper et al. [63], G2 pausing may, in the long term, decrease cell death rates among stem cells.

We also found that the expression of DNA repair-related genes was significantly upregulated in OT NE cells (mismatch DNA repair or homologous recombination DSB repair genes) [START_REF] Iyama | DNA repair mechanisms in dividing and non-dividing cells[END_REF]. DNA repair mechanisms may be enhanced in active cells with long G2 phases, to eliminate any mutations accumulated. This process has been described in hematopoietic stem cells: quiescent stem cells use nonhomologous DSB with low-fidelity repair, whereas active progenitors use homologous DSB to maintain genome integrity and repair any mutations accumulating during quiescence [START_REF] Burkhalter | Genome instability of ageing stem cells-Induction and defence mechanisms[END_REF][START_REF] Mohrin | Hematopoietic stem cell quiescence promotes error-prone DNA repair and mutagenesis[END_REF]. DNA repair-related genes have also been shown to be important in the neuroepithelial cells of Drosophila, with RPAs. Indeed, these molecules, which are essential for single-strand DNA repair, are also overexpressed in the neuroepithelial cells of the optic lobe in Drosophila and have been shown to participate in the maintenance of these cells [START_REF] Zhou | Replication protein a links cell cycle progression and the onset of neurogenesis in Drosophila optic lobe development[END_REF].

Factors of Biomedical Relevance in NE Cell Biology

Many genes known to be involved in primary microcephalies were found to be overexpressed in NE cells. Most encode centrosome-linked proteins involved in the core mechanisms of cell division [START_REF] Barbelanne | Molecular and cellular basis of autosomal recessive primary microcephaly[END_REF]. For example, aspm and mcph1 encode proteins involved in spindle positioning and orientation, respectively. Mutations of these genes lead to asymmetric cell division and premature neural differentiation in mammals [START_REF] Gruber | MCPH1 regulates the neuroprogenitor division mode by coupling the centrosomal cycle with mitotic entry through the Chk1-Cdc25 pathway[END_REF][START_REF] Higgins | Human ASPM participates in spindle organisation, spindle orientation and cytokinesis[END_REF][START_REF] Zhou | DNA damage response in microcephaly development of MCPH1 mouse model[END_REF]. Casc5 encodes a kinetochore scaffold protein involved in both chromatin attachment to the mitotic apparatus and control of the spindle assembly checkpoint. Loss-of-function mutations of this gene accelerate entry into mitosis [START_REF] Cheeseman | KNL1 and the CENP-H/I/K complex coordinately direct kinetochore assembly in vertebrates[END_REF]. Plk4, another gene present in our list of genes overexpressed in wdr12:GFP 1 cells, has related functions. One recent study [START_REF] Dzafic | Centriole amplification in zebrafish affects proliferation and survival but not differentiation of neural progenitor cells[END_REF] showed that neuroepithelial cells were more sensitive to centrosome defects than other types of epithelial cells. It is therefore tempting to speculate that these genes are important members of genetic networks preventing the premature differentiation of NE cells and/or maintaining the pool of NE cells throughout life.

Medaka NE Cell Marker Genes Compared with Those of Other Species

The genes overexpressed in medaka OT NE cells and in the VZ of the cortex in human and mouse embryos included Hes 5 and Yap 1, known to stimulate proliferation and to inhibit the differentiation of NE cells [START_REF] Li | Genomewide analysis of N1ICD/RBPJ targets in vivo reveals direct transcriptional regulation of Wnt, SHH, and hippo pathway effectors by Notch1[END_REF][START_REF] Ben Itez-Santana | Effect of nutrient availability on progenitor cells in zebrafish (Danio rerio)[END_REF]. Another gene of interest is nr2e1-Nuclear receptor TLX or tailless in Drosophila melanogaster. Its expression is conserved in the neural stem cells of vertebrates and Drosophila, and it has been shown to be required for their self-renewal. Moreover, Tll is required for correct neuroepithelium morphogenesis and neuroepithelial cell survival during the development of the optic lobe in Drosophila [START_REF] Guillermin | Characterization of tailless functions during Drosophila optic lobe formation[END_REF]. Our comparison also identified several less wellknown genes, such as Rfx4, the product of which regulates Musashi 1 expression in mouse neural progenitor cells [START_REF] Kawase | Regulatory factor X transcription factors control Musashi1 transcription in mouse neural stem/progenitor cells[END_REF]; Lfng, which is expressed in the hindbrain neuroepithelial cells during zebrafish development and helps to maintain the pool of progenitor cells [START_REF] Nikolaou | Lunatic fringe promotes the lateral inhibition of neurogenesis[END_REF]; and LIPG, which encodes an endothelial lipase expressed in the neuroepithelium of the brain and the neural tube of E10.5 mice [START_REF] Lindegaard | Expression of the endothelial lipase gene in murine embryos and reproductive organs[END_REF]. Finally, we retrieved two genes encoding cell surface integral membrane proteins: cdon, and boc (brother of cdon). The proteins encoded by these genes are components of the hedgehog (Hh) receptor complex. They may upregulate or downregulate the Hh pathway, depending on the context. For example, in mouse embryos, these proteins are essential to transduce Hh signaling during neural ventral patterning, whereas, in zebrafish and chicken, cdon, which is expressed at the basolateral pole of NE cells, encodes a protein that acts as a negative regulator of Hh during optic vesicle development [START_REF] Cardozo | Cdon acts as a Hedgehog decoy receptor during proximal-distal patterning of the optic vesicle[END_REF][START_REF] Allen | Overlapping roles and collective requirement for the coreceptors GAS1, CDO, and BOC in SHH pathway function[END_REF].

Our comparative studies thus contribute to the characterization of a general molecular signature of NE cells in bilaterian 

CONCLUSION

This study highlights the importance of NE cells during postembryonic neurogenesis in medaka and the mechanisms likely to be crucial for the biology of these cells. These data have important implications not only for our understanding of teleost neurogenesis but also, given that at least some aspects of the processes described here are likely to be widespread in vertebrates, for novel treatments in regenerative medicine, and for our understanding of some neural diseases, such as microcephaly.

Chapter 2: Identification of a candidate involved in ribosome biogenesis specifically expressed in neuroepithelial progenitor cells

Introduction

In previous studies, we stressed out the putative specific role of ribosome biogenesis factors in cell proliferation since many ribosome biogenesis transcripts are preferentially accumulated in the slow amplifying progenitors of the optic tectum (Recher et al., 2013).

The main goal of my PhD was to understand how RBFs could specifically regulate progenitor cell homeostasis.

In the first part of the results, I illustrated the role of fbl in the correlation between ribosome biogenesis and cell cycle regulation. In particular, I highlighted the importance of Fbl in Sphase progression and neural differentiation.

In parallel, my project focused on the identification of a candidate playing a specific role in cell cycle regulation. To this aim, I performed a whole mount in situ hybridization screen that allowed the identification of supplemental RBFs accumulated in the proliferative zone of the brain. I choose to focus my work on one of them, pa2g4, since this gene show a very restricted expression pattern in neuroepithelial progenitors and was described in the literature as a cell cycle regulator. I generated transgenic lines to perform the inducible specific overexpression of pa2g4 to get insight into its functions in neural progenitors cells.

Results

Several additional ribosome biogenesis factor transcripts are accumulated in

NePCs

Among clusters of genes upregulated or downregulated in the neuroepithelial population, RNA sequencing data revealed the accumulation of ribosome biogenesis transcripts. In addition to the previously reported factors identified by the datamining of the ZFIN database, nine putative ribosome biogenesis factors were upregulated in the NePCs population compared to the other proliferative cells and differentiated neurons (Table 4).

We first verified their role in ribosome biogenesis using literature. ddx56 is involved in the 60S large subunit assembly as well as the control of association and dissociation of the snoRNA [START_REF] Zirwes | A novel helicase-type protein in the nucleolus: protein NOH61[END_REF]. The many other factors are involved in earlier step of the pathway. Indeed, wdr3 and exosc2 are both involved in the maturation of rRNA [START_REF] Koga | U2 snRNP is required for expression of the 3' end of genes[END_REF]. Similarly, ebna1bp, heatr1 and pa2g4 are all playing and important role in pre-rRNA processing and cell cycle regulation [START_REF] Dez | Roles of the HEAT repeat proteins Utp10 and Utp20 in 40S ribosome maturation[END_REF][START_REF] Squatrito | EBP1 is a nucleolar growth-regulating protein that is part of pre-ribosomal ribonucleoprotein complexes[END_REF]. Indeed, ebna1p is regulating cellular proliferation and heatr1 is specifically involved in the central nervous system cell survival [START_REF] Azuma | Perturbation of rRNA synthesis in the bap28 mutation leads to apoptosis mediated by p53 in the zebrafish central nervous system[END_REF]. pa2g4, also called ebp1 in mammals and plants, is involved in cancer, cell survival and pre-rRNA processing [START_REF] Hu | The downregulation of ErbB3 binding protein 1 (EBP1) is associated with poor prognosis and enhanced cell proliferation in hepatocellular carcinoma[END_REF][START_REF] Mei | Ebp1 activates podoplanin expression and contributes to oral tumorigenesis[END_REF][START_REF] Zhou | Posttranscriptional regulation of androgen receptor mRNA by an ErbB3 binding protein 1 in prostate cancer[END_REF]. On the contrary, npm3 (called npm2 in Danio rerio) seems to be an inhibitor of ribosome biogenesis [START_REF] Huang | Protein NPM3 interacts with the multifunctional nucleolar protein B23/nucleophosmin and inhibits ribosome biogenesis[END_REF]. Finally, nhp2 and nhp2l1 are members the snoRNP complex and the U4 snRNP complex, respectively [START_REF] Lemay | Identification of novel proteins associated with yeast snR30 small nucleolar RNA[END_REF]. From this analysis of the bibliography, we conclude that 

Isolation of a putative cell cycle regulator in tectal progenitors

nhp2, heatr1, wdr3 and pa2g4 ribosome biogenesis genes display restricted expression in the proliferative cells of the brain

As all of the nine RBFs accumulated in the wdr12:GFP positive cell population are involved in the processing of rRNA and ribosomal subunit, I further analyzed their expression pattern, using ISH in zebrafish juvenile brains and 2dpf and 3dpf embryos. Among the nine candidates, I highlighted a restricted expression pattern for four of them. In particular, Those genes were also expressed in the proliferative population of additional brain structures such as the cerebellum and the telencephalon. However, we did not observed any expression of nhp2l, ebna1p and ddx56 either in the juvenile brain or the embryos. npm2 and exosc2 were expressed in the optic tectum but were not restricted to the peripheral region (data not shown). Taken together, these data confirm that nhp2, heatr1, wdr3 and pa2g4 are preferentially expressed in the proliferative population of the OT.

Pa2g4 could be involved in the connection between cell cycle regulation and ribosome biogenesis

We, then, focused our studies on the pa2g4 gene as its expression pattern show the most restricted and biased expression in the OT. Many studies have highlighted the role of pa2g4 in cell cycle regulation. In particular, post-natal developmental defects are observed in KOmice, following decrease in cell proliferation [START_REF] Zhang | Alterations in cell growth and signaling in ErbB3 binding protein-1 (Ebp1) deficient mice[END_REF]. Similarly, ebp1 seems to be a dose-dependent cell cycle activator in plants as RNA interference knockdown led to shorter leafs and overexpression studies gave rise to bigger plants [START_REF] Horváth | EBP1 regulates organ size through cell growth and proliferation in plants[END_REF].

However, in human fibroblasts and Leishmania parasites, it has been demonstrated that pa2g4 would be a cell proliferation inhibitor [START_REF] Liu | Human BRE1 is an E3 ubiquitin ligase for Ebp1 tumor suppressor[END_REF][START_REF] Norris-Mullins | LmaPA2G4, a homolog of human Ebp1, is an essential gene and inhibits cell proliferation in L. major[END_REF]. Strikingly, two isoforms can be found in rat cell lines playing opposite role in cell growth and survival [START_REF] Okada | Ebp1 association with nucleophosmin/B23 is essential for regulating cell proliferation and suppressing apoptosis[END_REF]. In addition to its physiological roles, pa2g4 is also involved in cancer progression. Pa2g4 displays an oncogenic role in some brain, cervical and mouth cancers [START_REF] Kim | Negative regulation of p53 by the long isoform of ErbB3 binding protein Ebp1 in brain tumors[END_REF][START_REF] Liu | Significance of Ebp1 and p53 protein expression in cervical cancer[END_REF][START_REF] Mei | Ebp1 activates podoplanin expression and contributes to oral tumorigenesis[END_REF]. In contrast, it could also act as a tumor suppressor in hepatocellular carninomas, and in prostate and bladder cancers [START_REF] He | Down-regulation of the ErbB3 binding protein 1 in human bladder cancer promotes tumor progression and cell proliferation[END_REF][START_REF] Hu | The downregulation of ErbB3 binding protein 1 (EBP1) is associated with poor prognosis and enhanced cell proliferation in hepatocellular carcinoma[END_REF][START_REF] Zhou | Posttranscriptional regulation of androgen receptor mRNA by an ErbB3 binding protein 1 in prostate cancer[END_REF]. Its involvement in ribosome biogenesis has been illustrated in a few studies. Given that its overexpression leads to the reduction of 28S and 18S rRNA, pa2g4 would be involved in the regulation of the intermediate and late steps of rRNA processing. Moreover, it is associated with mature and precursor rRNA, highlighting a putative contribution to 60S subunit maturation and rRNA processing [START_REF] Squatrito | EBP1 is a nucleolar growth-regulating protein that is part of pre-ribosomal ribonucleoprotein complexes[END_REF]. Strikingly, analysis of its interaction network showed many interactions with ribosome biogenesis factors and ribosomal proteins (https://string-db.org/), emphasizing its participation to ribosome biogenesis. In particular, it interacts with Nucleophosmin in rat cell lines in order to block apoptosis and play a major role in ITS2 cleavage during rRNA processing [START_REF] Okada | Ebp1 association with nucleophosmin/B23 is essential for regulating cell proliferation and suppressing apoptosis[END_REF].

Therefore, pa2g4 seems to be a key cell proliferation regulator, playing a major role as a link between cell cycle regulation and ribosome biogenesis. In the tectum, where cell homeostasis is tightly regulated, pa2g4 could play a specific role in the cell cycle regulation and ribosome biogenesis.

pa2g4 mRNAs and proteins are accumulated in brain proliferative cells

Two paralogs for pa2g4 have been annotated in Danio rerio genome: pa2g4a and pa2g4b.

We studied the expression of the two paralogs. Since similar expression patterns were observed for both paralogs I will only describe the expression pattern of pa2g4a. Its Tg(enh55:GFP). We hypothesized that this could be due to an insufficient ert2-gal4 induction.

In conclusion, we isolated an enhancer able to drive the expression of the reporter in the differentiated neurons of the OT, and generated a transgenic line driving the expression of the inducible ert2-gal4 in neural cells.

Perspectives

From transcriptomic data generated in medaka juvenile brain after cell sorting, we isolated an interesting candidate, pa2g4, that could be one of the key regulators of cell cycle and ribosome biogenesis. We demonstrated that the expression of this gene, similarly to the neuroepithelial markers described in Dambroise, Simion et al., is restricted to the proliferative zone of the OT at both embryonic and juvenile stages. We also highlighted the accumulation of the protein in our population of interest in juvenile brains. In this study, we then aimed to demonstrate the specific role of pa2g4a in both cell proliferation regulation and ribosome biogenesis in slow amplifying progenitors. To this aim, we generated several transgenic lines allowing the inducible and restricted overexpression of our gene of interest.

I generated biological tools allowing the specific function study of pa2g4. However, so far, no analyzes has been started as I do not have yet obtained the UAS reporter line.

On the short term, F0 injection of the UAS plasmid will be performed to allow the validation of the strategy. As pa2g4 is involved in cell proliferation, I expect to get a specific cell cycle disruption in the proliferative population and not in the differentiated neurons. I expect to see a boost or a decrease of proliferation of fast-amplifying progenitors, and potential delays of differentiation. This will be studied by counting repeatedly several days after injection the number of cells in clones deriving from the mosaic expression of injected DNA. To further study the phenotype, I will characterize the cell types in different conditions using IHC after fixation of specimens at a chosen time following tamoxifen exposure. To analyze the impact on cell cycle, I will also use FACS to measure DNA content in the different cell types. I will also assess ribosome biogenesis using polysome profiling after cell sorting the diverse cell types.

On the other hand, we obtained a mutant for one of the two paralogs (pa2g4b) from the ZIRC. However, homozygous do not show any phenotype. We hypothesized that this could be due to a putative redundant role of the two paralogs. On the long term, we propose to generate a stable specific knock-out of the second paralog (pa2g4a) in the pa2g4b mutant line. This cell specific KO of pa2g4a would be generated using the CRISPR/Cas9 system, in particular the vector system developed by Ablain and colleagues [START_REF] Ablain | A CRISPR/Cas9 Vector System for Tissue-Specific Gene Disruption in Zebrafish[END_REF]. Since Pa2g4 has been described as either a cell cycle activator or cell cycle repressor depending on the species or the environment, further function study in the embryonic zebrafish optic tectum will give additional information to understand the role of this proliferation associated gene.

Introduction

Recently, translation has emerged as an essential step in the regulation of gene expression.

Our understanding of gene expression regulation in stem and progenitor cell is gradually shifting from a simple model focusing on transcriptional control to a more complex view with additional levels of regulation, including translation. The ribosome itself stood out as a direct regulator of translation through the "specialized ribosome" and "ribosome code" concepts (Mauro and Edelman 2007). According to these new notions, ribosomes are heterogeneous, due to the existence of cell-specific ribosome biogenesis pathways.

Different ribosomes "filter" the mRNA to be translated (Mauro and Edelman, 2007). In particular, it has been suggested that a specific ribosome biogenesis pathway occurs in stem cells and progenitors, providing new insight into stem cell homeostasis (Brombin, Joly, and Jamen 2015;Buszczak, Signer, and Morrison 2014). Thus, ribosome biogenesis is not only involved in the formation of a specialized translation machinery, but is also correlated with cell cycle regulation. Fibrillarin (Fbl) is an essential nucleolar protein with a sequence and function conserved throughout evolution (Rodriguez-Corona et al. 2015;Shubina, Musinova, and Sheval 2016). It functions as a catalytic center of the box C/D small nucleolar ribonucleoprotein complex responsible for the correct 2'-O-methylation of ribosomal RNA (rRNA). rRNA methylation is crucial for the precise cleavage and maturation of rRNA, essential for its correct folding and association with ribosomal proteins (Mullineux and Lafontaine 2012).

Fbl is also involved in the methylation of histones at rDNA loci, and plays a major role in the regulation of rDNA transcription (Tessarz et al. 2014).

In recent decades, many functional studies on Fbl have highlighted its importance in several cellular process. In particular, loss-of-function analyses in yeast and mice have shown that Fbl plays a crucial role in cell survival and early development (Schimmang et al. 1989); (Newton et al. 2003). In addition, Watanabe-Susaki et al. showed that Fbl was important for cell homeostasis and stem cell identity, through the regulation of pluripotency and the ability of pluripotent stem cells to differentiate (Watanabe-Susaki et al. 2014). Fbl plays a particularly important role in cell cycle regulation, as demonstrated by the abnormally high levels of this protein in several cancers, including human breast cancer (Marcel et al. 2013;Su et al. 2014), squamous cell cervical carcinoma (Choi et al. 2007) and prostatic intraepithelial neoplasia (Koh et al. 2011). Marcel et al. also showed that Fbl overexpression contributed to tumorigenesis. In breast cancer cell lines, fbl overexpression leads to aberrant rRNA methylation, changes in ribosome activity, poor translation fidelity and an increase in the initiation of internal ribosome entry site (IRES)-dependent translation for the products of cancer-related genes, such as IGF1R, c-Myc and FGF1/2 (Marcel et al., 2013). Conversely, the repression of fbl with siRNA decreases the proliferation of breast cancer cells (Su et al., 2014). Understanding the integrated roles of Fbl in cell cycle regulation, cell proliferation and ribosome biogenesis has, therefore, become a real challenge.

The zebrafish optic tectum (OT) displays oriented growth during development, leading to the formation of ordered columns of cells with different levels of differentiation, from the periphery towards the center of the structure. This cellular model is thus ideal for studies of the specific role of Fbl in cell cycle regulation and cell homeostasis (Joly et al., 2016).

At early stages of development, the proliferative neural population is located throughout the alar plate. Following somitogenesis, progenitor cells differentiate into functional neurons, which are found at the center of the OT. However, proliferation persists in a small zone of the midbrain, at the periphery of the optic tectum. This zone, homologous to the proliferative zone of the retina, is called the tectal marginal zone (TMZ; Joly et al., 2016).

Using live imaging, we previously identified two types of progenitors on the basis of their rates of proliferation in the transparent embryo (Recher et al. 2013). The neuroepithelial progenitors located at the external edge of the TMZ (TMZe) are slow-amplifying progenitors (SAPs). SAPs divide and give rise to fast-amplifying progenitors (FAPs) located in the intermediate layer (TMZi, Joly et al., 2016). Each cell population is characterized by the preferential expression of various genes. In particular, genes encoding ribosome biogenesis factors, such as components of the box C/D complex, and fbl in particular, are strongly expressed in SAPs, whereas these "housekeeping" genes are less strongly expressed in FAPs (Recher et al. 2013).

These striking observations led us to suggest that Fbl might be involved in cell cycle regulation in the slow-amplifying progenitors. We therefore performed an in vivo functional analysis of Fbl by characterizing zebrafish null mutants for fbl. Homozygous mutant embryos had smaller brains and a deregulated cell cycle. Our findings reveal, for the first time, the specific role of Fbl in midbrain development and the regulation of Sphase progression.

Results

Neuroepithelial slow-amplifying progenitor (SAPs) expressed high levels of fibrillarin transcripts and proteins.

We first characterized the fibrillarin (fbl) gene expression pattern during zebrafish embryogenesis, by whole-mount in situ hybridization (WMISH). We found that fbl was ubiquitously expressed during gastrulation (6 hours post-fertilization (hpf), fig 1A). At the onset of neurulation, Fbl mRNAs begins to accumulate in the eyes, brain and somites (fig 1B). From 1 day post-fertilization (dpf), fbl expression begins to be restricted to the OT, retina, gut and somites (fig 1C2 -C3). At the long-pec (2 dpf) and protruding mouth (3 dpf) stages, high levels of fbl expression are observed at the periphery of the OT, in the external tectal marginal zone (TMZe) in which SAPs divide. This gene is also expressed at the extreme edge of the retina, in the CMZ, in which the progenitors and stem cells are localized (fig 1D-E). Hence, fbl has an expression pattern similar to that of SAP-specific genes (Recher et al., 2013). These results demonstrated that fbl pattern of expression is progressively restricted during zebrafish embryogenesis. In particular, fbl is preferentially expressed in the proliferating cells of the OT and retina, which are thought to be sister cell types (Joly et al., 2016). Immunohistochemistry (IHC) analysis revealed the presence of Fbl protein in all tectal cells, within the nucleoli, but this protein preferentially accumulated at the extreme edge of the OT, where the SAPs are found (fig 1F). These findings indicate that Fbl may play an essential role in tectal cell proliferation.

Mutation of the zebrafish fbl gene leads to a smaller brain volume and larval death

We investigated the function of Fbl in tectal cell proliferation, in a mutant line previously generated by inserting a 6 kb retroviral sequence into the 5'UTR of the fbl gene [START_REF] Amsterdam | Many ribosomal protein genes are cancer genes in zebrafish[END_REF]). Heterozygous embryos develop normally. By contrast, homozygous fbl hi2581 mutant embryos begin to display phenotypic differences relative to their control siblings as early as 1dpf (fig 2A). From this stage onwards, tissue 

Ribosome biogenesis is affected in fbl hi2581 mutant embryos

Fbl is involved in the methylation of rRNA and rDNA histones. We therefore hypothesized that fbl loss of function would lead to lower levels of rDNA transcription and a disruption of ribosome biogenesis. Ribosome biogenesis begins with transcription of the 47S intermediate rRNA, which contains a 5' externally transcribed sequence (ETS) and two internally transcribed sequences (ITS1 and ITS2). The intermediate 47S rRNA is processed after its transcription: the 5' ETS is cleaved first, followed by the ITS1 and ITS2, to generate the mature 18S, 5.8S and 28S rRNAs. The 5' ETS, ITS1 and ITS2 are used to estimate relative rRNA transcription levels.

We used RT-qPCR to investigate rDNA transcription and rRNA processing by quantifying the levels of 5'ETS, 18S, ITS1 and ITS2 rRNA. At 3dpf, 18S mature rRNA levels were significantly lower (93% lower) in fbl hi2581 larvae, whereas we did not observed any significant differences in fbl siblings larvae and wild-type larvae (fig 3A). Surprisingly, 5' ETS rRNA levels were slightly higher in fbl hi2581 larvae than in the wild type. However, ITS1 and ITS2 rRNA levels did not differ between the three genotypes (fig 3A). Overall, these data indicate that 47S rDNA transcription is not impaired in fbl hi2581 mutant embryos, but that rRNA processing is greatly impaired, as demonstrated by the relative levels of mature 18S rRNA. (A1-A2) fbl hi2581 mutants start to display phenotypic abnormalities as early as the 1 dpf stage. Mutant embryos have disorganized tissues in the brain (black arrow). At 2 dpf (A3-A4) and 3 dpf (A5-A6) mutant larvae development is impaired, mostly in the midbrain and retina (black arrows). In addition, mutant embryos have impaired pigmentation, a thinner yolk extension, a larger, rounder yolk and pericardiac edema. Black arrows highlight midbrain defects. (B) Volume rendering of the DiI-positive domains (grey) and surface rendering of a manual segmentation of the CNS (magenta) and eye (white) based on the DiI signal in 3dpf wild-type, fbl siblings and fbl hi2581 mutant embryos. fbl mutant larvae display apparent reduction of the CNS volume compared to their siblings or wild-type larvae Lateral views: anterior to the left, dorsal to the top. Dorsal view: anterior to the left, right to the top. (C) Quantification of mean CNS volume highlights a significant difference between fbl mutants, their siblings and wild-type larvae. Statistical analyses were performed on six samples per condition. p-value: 0.003 (Kruskal-Wallis test). (D) Quantification of mean eye volume highlights a significant difference between fbl mutants, their siblings and wild-type larvae. Statistical analyses were performed on six samples per condition. p-value: 0.003 (Kruskal-Wallis test). Purple: wild-type, gray: fbl siblings, pink: fbl hi2581 . Scale bar: 100 µm. Anterior is to the left.

As 18S rRNA processing is considered to be a rate-limiting step in ribosome biogenesis [START_REF] Laferté | The Transcriptional Activity of RNA Polymerase I Is a Key Determinant for the Level of All Ribosome Components[END_REF], we hypothesized that impaired rRNA processing in fbl hi2581 mutant embryos and possible subsequent alterations to rRNA posttranslational modifications would result in an overall decrease in ribosome biogenesis. We used polysome profiling to evaluate ribosome biogenesis in 3 dpf fbl mutant embryos, control siblings and wild-type embryos (fig 3B-C). Fewer polysomes were observed. The polysomal fraction, which corresponds to ribosomes bound to mRNA, provides an indication of the translational activity of the ribosomes. Polysome peaks were smaller for the mutant larvae than for their siblings and wild-type larvae, indicating that smaller numbers of ribosomes were bound to mRNA in the mutants (fig 3B). Thus, for every seven ribosomes binding mRNA in wildtype and sibling embryos, only five were bound to mRNA in fbl hi2581 embryos. We measured the area under each peak, and calculated the ratio between the 80S and polysome peaks (fig 3B-C). The polysome ratio was lower in the mutants than in the wild-type embryos, highlighting lower levels of ribosomal activity.

We performed similar experiments at 2 dpf, when the embryos were less affected. Despite the similarity of the defects observed (data not shown), differences in ribosome biogenesis between wild-type and mutant embryos were less marked. This is not surprising and highlights the worsening of the phenotype as development proceeds. Collectively, these data suggest that fbl mutation leads to an impaired ribosome biogenesis at late steps of the pathway and lower levels of ribosome activity.

The dorsal midbrain is the brain structure most strongly affected in fbl hi2581

We demonstrated that fbl hi2581 larvae displayed smaller CNS. To further characterized those brain defects, we analyzed the different regions of the brain by DiI and Elavl3 (marker of neural differentiation) labeling and generated 3D visualization of the stained larvae (supplemental data, movie 1). Several basal domains, such as the telencephalon, olfactory epithelium and hypothalamus, were conserved but disorganized (fig 4A). We also detected the presence of the tracts of the anterior (tac) and post-optic commissures (tpoc), which are ventral/basal brain structures (fig 4A). Overall, these data suggest that the fbl mutation leads to correct differentiation events in the ventral part of the brain, and to the generation of most of the domains of the brain. Surprisingly, histological analyses revealed that 2 dpf mutants had a smaller tectum than their siblings (fig 4B). Moreover, acellular holes were detected in this midbrain structure (fig 4B2 -B4). However, the proliferative region of the TMZe seemed to be correctly formed, but thicker than stage-matched WT embryos (fig 4B2, white arrows). Thus, the mutation strongly affects the midbrain and retina, structures in which the fbl gene is preferentially expressed, consistent with a specific role for Fbl in these regions. Fbl is known to be required for the maintenance of normal nucleolar morphology, but its function in nuclear morphology remains unclear (Amin et al. 2007;[START_REF] Ma | Genetic Control of Nucleolar Size: An Evolutionary Perspective[END_REF]. We therefore studied nuclear and nucleolar morphologies in control and mutant embryo midbrains. DAPI staining of the nucleus revealed differences in nuclear shape between fbl mutant larvae and their siblings (fig 4C, purple). Wild-type embryos had round nuclei at the center of the OT and in FAPs. By contrast the nuclei in the SAPs were more elongated and had larger nucleoli (Recher et al, 2013). Surprisingly, in fbl hi2581 embryos, the nuclei of cells over the entire surface of the tectum were elongated, and resembled those of wildtype SAPs (fig 4C).

By contrast, the nuclei of the ventral structure of the midbrain, the torus semicircularis (TS) presented no change in shape (data not shown). On 3D views, we selected the larger axis of the nuclei for measurements. The quantification of nuclear diameters in the OT and TS of wild-type and mutant embryos indicated a specific increase of the area within the OT, with no change in the TS (fig 4D). Indeed, wild-type tectal nuclei had a mean longest diameter of 7 µm, whereas fbl hi2581 tectal nuclei reached diameters of up to 12 µm. By contrast, the nuclei in the TS of both mutant and wild-type embryos had a mean diameter of 6 µm. These findings suggest that the dorsal part of the midbrain was mostly affected in fbl mutant embryos.

Neuronal specification and differentiation are impaired in mutant embryos

The dorsal midbrain patterning defects observed suggested that neural specification and differentiation might also be impaired in this region. We first addressed this question by quantifying neuroD1 mRNA levels by RT-qPCR to assess neural specification.

Interestingly, we found that neuroD1 expression levels were 91% lower in mutant embryos than in wild-type embryos (fig 5A). Neural specification was, therefore, disrupted in fbl mutant embryos.

We also analyzed neural tissue specification in the different regions of the brain, by analyzing the expression pattern of eomes and otx2 by in situ hybridization (ISH), which are involved in the specification of the anterior territories of the developing brain. otx2 expression is an anterior brain marker in the neural tube but becomes restricted to the developing midbrain later in development, whereas eomes is specifically expressed in the forebrain. In mutant embryos, at both 2 dpf (fig 5B1 -B2) and 3 dpf (data not shown), eomes expression was maintained in the developing forebrain. By contrast, otx2 expression was affected in the dorsal midbrain of mutants, whereas the expression of this gene was unaffected in the most ventral and anterior domains in mutants (fig 5B3 -B4). These findings These results suggest that the neuronal lineage is specifically disrupted in the dorsal midbrain of fbl mutants. This finding is consistent with a tissue-specific role of Fbl in midbrain morphogenesis. 

Mutant cells undergo massive apoptosis

We investigated the mechanisms underlying the apparent decrease in tectum neuronal differentiation and the presence of acellular holes in the OT, by evaluating the role of fbl in cell survival. We therefore performed TUNEL staining (fig 6), to label DNA breaks. At 1 dpf, cell death rates were higher in fbl hi2581 mutant embryos than in wild-type embryos (fig 6A). Cell culture studies have shown that the knockdown of FBL expression induces p53 activation (Su et al., 2014). We therefore hypothesized that the apoptosis observed in fbl mutant embryos might be p53-mediated. Quantitative RT-PCR revealed that tp53 transcript levels were significantly higher in mutant embryos than in wild-type embryos at 1 dpf, 2 dpf and 3 dpf (fig. 6B-C). These results suggest that the atrophy of the optic tectum in fbl hi2581 mutant embryos may result from tp53-dependent apoptosis.

The spatial distribution of proliferative cells is disorganized in fbl mutant embryos

Hypoplasia may result from an increase in apoptosis and/or an inhibition of proliferation.

In 2 dpf wild-type embryos, proliferation is restricted to the periphery of the OT. We of cells in early S, mid-S and late S phase (fig 8D). In wild-type embryo heads, almost 70% of the S-phase population was in early S-phase. Intriguingly, the proportion of S-phase cells in early S phase was lower, at 50%, in mutant head cells. By contrast, the proportions of mutant cells in the mid-and late S phases were higher than those for wild-type cells (fig 8D). Indeed, 18% of wild-type cells were in mid-S phase and 12% were in late S-phase, whereas the corresponding proportions for mutant cells were 28% and 20%.

We investigated the alterations of S-phase in fbl mutants further, by evaluating the level of expression of cdkn1a (also called p21 waf1 ), the product of which is involved in both the regulation of G1 progression and S-phase DNA replication and accumulates during DNA damage repair (Li et al. 1994). Levels of cdkn1a expression were markedly higher in mutant embryos than in control and sibling embryos at 3 dpf (fig 8E). This suggests that the progression of DNA replication in S-phase is disturbed in the mutant larvae. 

Discussion

Ribosome biogenesis is spatiotemporally dynamic, and different levels of activity are required in cells in different states of differentiation or with different rates of cell cycling.

We show here that fbl is preferentially expressed in slow-amplifying progenitors (SAPs) of the retina (CMZ) and tectum (TMZe;Recher et al., 2013;Joly et al., 2016). However, the Fbl protein is not totally absent from differentiated cells and fast-amplifying progenitors (FAPs), but present in various amounts in the different cell types of the OT. We focus here on the role of Fbl in the homeostasis of tectum progenitors. We consider, in particular, the link between ribosome biogenesis and the cell cycle, providing evidence for a putative role of Fbl in S-phase progression.

Why are the defects of fibrillarin mutants mostly found in the tectum and the eyes?

fbl mutant embryos present hypomorphism, particularly of the brain and eye. We also observed severe cellular hypoplasia and an impairment of neuronal differentiation and specification specifically in the dorsal midbrain. The mutation of RBF-coding genes often leads to death of the embryo in early stages of development in mammals (Newton et al., 2003), but defects occur later in fish, after gastrulation, during somitogenesis. The large maternal stock of mature ribosomes and RBFs present in the zebrafish oocyte is used up during the first day after fertilization [START_REF] Azuma | Perturbation of rRNA synthesis in the bap28 mutation leads to apoptosis mediated by p53 in the zebrafish central nervous system[END_REF].

Another possible explanation for the restricted phenotype is differences in the kinetics of early development between the dorsal midbrain and other more posterior or ventral regions.

Neurogenesis begins earlier in the ventral part of the brain. After the completion of neural differentiation in the ventral regions, the dorsal part of the brain, including the OT, continues to produce neurons to support its specific sustained growth (Joly et al., 2016).

The ventral and dorsal midbrain neural cells may therefore be affected differently by the lack of fbl.

In addition, Fbl might have a specific role in neuroepithelial based morphogenesis, present in many proliferative zones of the juvenile fish brain (Dambroise et al. 2017). Indeed, the telencephalon, which grows mainly from glial stem cells and progenitors, seems less affected. In this respect, a more careful examination of other brain regions such as the cerebellum might unravel similar defects as those observed in the tectum and the eye.

Moreover, as TMZe progenitors cycle at a lower rate than TMZi cells (Recher et al., 2013), they may remain protected until later in development. In these cells, the dilution of maternal stocks of ribosomes or of correctly methylated ribosomes may be weaker than in more actively dividing cells.

Despite the specific accumulation of Fbl in the SAPs of the TMZe, these cells are not strongly affected, as they continue to divide, display little apoptosis and the neuroepithelial layer connecting the OT to the TS (Recher et al., 2013) seems to be unaffected in mutants although thicker. By contrast, the proliferative cells are profoundly disturbed and they have a different distribution, with a massive presence in the center of the tectum at 3 dpf in mutants, whereas these cells are peripheral in the wild type. There are two possible reasons for this difference of localization of progenitors. First, fbl loss of function could lead to a developmental delay, as proliferative cells are found throughout the entire structure at earlier stages. However, we think that the second hypothesis is more likely, because no clear signs of differentiation are observed in the tectum of mutants at later stages of development. According to this hypothesis, the fbl mutation may lead to the deregulation of mitosis in the FAPs of the TMZi, which would then not be able to undergo mitosis fast enough. Progenitor cells would therefore remain in S-phase for longer and would become localized at the center of the tectum while additional FAPs would be generated at the periphery of the structure. These cells would then die by apoptosis.

Potential consequences of the impairment of ribosome biogenesis and translational activity in fbl mutants.

Fbl is the methyltransferase of the box C/D complex. It is responsible for the methylation of both rRNA and the histones associated with rDNA loci. An absence of Fbl or low levels of this protein lead to abnormally low levels of rDNA transcription and changes of the posttranscriptional modification of rRNAs.

We show here, in vivo, that fbl mutants display impaired ribosome biogenesis, and, more particularly, low levels of ribosome activity, as illustrated by the low proportion of polysomes. This finding may be explained by translation initiation defects. Indeed, we observed no change in the size of the 80S peak, corresponding to the binding of one ribosome to the target mRNA. We also found that 18S rRNA levels were much lower in fbl hi2581 mutant embryos than in the wild type, strongly suggesting that the last steps of the ribosome biogenesis pathway are impaired. It therefore seems likely that the ribosomes can bind to mRNA, but that the translation initiation defects prevent the binding of other ribosomes. However, it remains possible that a feedback loop detects the decrease in translation and subsequently decreases the rates of formation of the two subunits.

The lower level of ribosome activity may be due to lower levels of rRNA methylation, resulting in a lower affinity for specific mRNA targets. The knockdown of fbl expression in HeLa cells has been shown to decrease rRNA methylation (Erales, personal communication). More detailed exploration of these methylation events may require the profiling of ribose methylation in rRNA by high-throughput sequencing (Marchand et al. 2016).

We also suggest that Fbl may accumulate specifically in SAPs for the production of different ribosomes responsible for the translation of specific targeted mRNAs. Indeed, many RBF-coding genes have tissue-specific patterns of expression in zebrafish (Brombin et al., 2015). In particular, rRNA post-transcriptional modifications and ribosomal protein contents differ between the ribosomes of different cell types, particularly between stem and progenitor cells (Brombin et al., 2015). Moreover, different types of rRNAs are produced in oocytes and during zebrafish development (Locati et al. 2017). Kraushar et al. recently suggested that ribosomes drive the spatiotemporal development of the neocortex (Kraushar et al. 2016). This hypothesis is based on the putative existence of a progenitor-specific ribosome signature during brain development, highlighting the tissue specificity of ribosome biogenesis.

Why is S-phase progression disrupted in fbl mutant embryos?

As mentioned above, there are several compelling lines of evidence suggesting that cell division is disturbed in fbl mutants. The impairment of ribosome biogenesis often leads to disturbance of the cell cycle (Xu, Xiong, and Sun 2016), and cells are often arrested at the G1/S transition (James et al. 2014) or, in rarer cases, at the G2/M checkpoint (Fumagalli et al. 2012;[START_REF] Negi | RRNA Synthesis Inhibitor, CX-5461, Activates ATM/ATR Pathway in Acute Lymphoblastic Leukemia, Arrests Cells in G2 Phase and Induces Apoptosis[END_REF].

Surprisingly, FACS analysis of fbl hi2581 mutant cells revealed that the mutant cells were not blocked at the G1/S or G2/M checkpoints, but that they progressed through the cell cycle, as the distribution of cells in the different phases of the cell cycle was similar to that for wild-type cells (Xu, Xiong, and Sun 2016).

However, the distribution of cells in the various parts of S-phase was disrupted in fbl hi2581 mutants, suggesting a delay in S-phase and in the replication fork progression. The observed distributions on FACS analysis of mutant and wild-type cells suggests that replication origins normally activated early in S phase might be activated later in S phase in mutant cells. The low intensity of EdU incorporation is consistent with this hypothesis.

The genomic material is replicated during S-phase, for subsequent mitosis. The impairment of pre-rRNA processing might interfere with transcription and, ultimately, with DNA replication (Bermejo, Lai, and Foiani 2012). S-phase progression is tightly regulated by the replication timing process (Fragkos et al. 2015;Lucas and Feng 2003;Méndez 2009;Zink 2006). In particular, the tight regulation of replication timing facilitates the sequential activation of replication origins during S-phase. We suggest that, in the absence of Fbl, the lower levels of ribosomal translation activity due to the disruption of ribosome biogenesis, delay or decrease the translation of many proteins. In particular, proteins involved in DNA replication and origin firing could be lacking, preventing the correct timing of DNA replication and leading to replication stress and genomic instability.

We also observed higher levels of p21 waf1 expression in mutant cells. In addition to its role in cell cycle exit, p21 waf1 accumulation leads to a DNA replication block and cell cycle arrest in S-phase (Li et al. 1994;[START_REF] Waga | The P21 Inhibitor of Cyclin-Dependent Kinases Controls DNA Replication by Interaction with PCNA[END_REF]. This protein accumulates when DNA is damaged. The observed accumulation of tp53 transcripts is also consistent with the presence of DNA breaks. These findings suggest that the intra-S defects in fbl hi258 embryos may be linked not only to defective replication, but also to the presence of DNA damage, resulting in replication stress. Other nucleolar proteins, such as nucleostemin, have been implicated in both ribosome biogenesis, and the maintenance of genome integrity.

Further studies are required to deepen our understanding of the origin of the tissue-specific intra-S defects in fbl mutants. Such studies should also provide insight into the tissuespecific defects observed in ribosomopathies (Yelick and Trainor 2015).

Whole-mount in situ hybridization

Riboprobes were synthesized as follows: cDNA (PCR-amplified with specific primers was inserted into a pCR II-TOPO vector (Molecular Probes). The sequence and orientation of the inserts were checked by direct sequencing (GATC Biotech). The products of PCR amplification of the inserts with generic SP6-T7 primers were used to synthesize the antisense riboprobes, with T7 or SP6 polymerase (Promega) (chosen on the basis of the sequencing results). Digoxigenin (DIG)-conjugated probes were synthesized with the UTP-DIG nucleotide mix (Roche) and purified with RNA clean-up kit (Macherey-Nagel).

Whole-mount in situ hybridization was performed on manually staged (according to Kimmel et al., 1995) dechorionated PTU-treated embryos fixed in 4% paraformaldehyde (PFA)/phosphate-buffered saline (PBS) and stored in methanol at -20°C. Briefly, embryos stored in methanol were rehydrated in a methanol/PBS series, permeabilized with proteinase K (10 mg/ml), prehybridized, and then hybridized overnight at 65°C in hybridization mixture (HM: 50% formamide, 5X standard saline citrate (SSC), 0.1% Tween 20, 100 mg/ml heparin, 100 mg/ml tRNA in water). The embryos were subjected to a series of washes in 50% SSC/formamide and SSC/PBST, and were then incubated in blocking solution for one hour (0.2% Tween 20, 0.2% Triton X-100, 2% sheep serum in PBST) and overnight at 4°C with AP-conjugated anti-DIG antibodies (Roche) diluted 1:4000 in blocking solution. Embryos were then washed in PBST, soaked in staining buffer (TMN: 100 mM NaCl, 100 mM Tris-HCl, pH 9.5, 0.1% Tween 20 in water) and incubated in NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate) solution (Roche).

Cresyl violet staining

PFA-fixed embryos were dehydrated in ethanol solutions of increasing concentration and incubated in butanol before embedding in paraffin. Serial sections were prepared with a Leica rotary microtome and mounted according to standard procedures. Slides were rehydrated by incubation in xylene and ethanol solutions, and stained with cresyl violet solution. Sections were destained with glacial acetic acid and dehydrated with ethanol.

Imaging

Bright-field imaging was performed with a Nikon AZ100 macroscope (Camera: Nikon Digital Sight DSRi1; Objectives: AZ-Plan Fluor 5x (O.N.: 0.5/D.T.: 15 mm)). Fluorescence imaging was performed using a confocal laser scanning microscope (Leica SP8) with internal photomultiplier tubes (Airy: 1; Objectives: Fluotar VISIR 25x/0.95 WATER; Plan-APOCHROMAT 40x/1.10 WATER).

Segmentation

The 3D-visualisation and segmentation of zebrafish specimens we generated using 3D Slicer 4 [START_REF] Fedorov | 3D Slicer as an Image Computing Platform for the Quantitative Imaging Network[END_REF]) on a HP computer with a 2.9GHz Intel Core 17-4910MQ CPU and 32Gb of RAM.

We performed the 3D visualisation of DiI using the volume rendering module of 3D Slicer which transforms brightness values into opacity values. Using this module, we rendered dark voxels transparent, bright voxels more opaque. We visualized the segmentations with a surface rendering, using the Create surface function of the Segment editor module of 3D Slicer.

For segmentation, we downsampled the data to a voxel size of 3.5x3.5x3.5µm using a python script which is calling SimpleITK [START_REF] Lowekamp | The Design of SimpleITK[END_REF]) and numpy.

We segmented the patterns of interest using the segment editor module of 3D Slicer. The nervous system was segmented using the DiI channel by applying a manual threshold and refining the segmentation with the paint and erase tools, restricting it to eyes and brain. For label smoothing, we subsequently applied a median filter of 5x5x5voxels.

Due to its high specificity, we segmented the Elavl3-staining pattern using a manual threshold and a median filter of 5x5x5 voxels only.

For each segmentation, we generated a label map volume, counted the number of voxels and computed the volume for each by multiplying the number of voxels by the size of a voxel. buffer), and then incubated for 1 hours in the dark at 37°C before flow cytometry analysis.

Molecular analysis

DNA content was assessed with a BD FACSCalibur analyzer and analyses were performed with FlowJo software.

Statistical analyses

Statistical analysis was performed with Microsoft Excel XLSTAT software. All data are expressed as means ± standard deviations. We calculated two-tailed p-values for Kruskal-Wallis non-parametric tests with Bonferroni correction for comparisons between three groups, and Mann-Whitney tests for comparisons of two groups.

Teleost optic tectum as a model to study ribosome biogenesis specific role in neural cell cycle proliferation

The optic tectum is a life-long growing structure of the teleost dorsal midbrain. Its oriented growth allows the tightly regulated spatial distribution of cells at different state. At embryonic stages, the optic tectum is first highly proliferative (Joly et al., 2016). Upon 

Ribosome biogenesis and cell cycle progression

Ribosome biogenesis is an essential process, necessary for cellular growth and cell proliferation. The increased demand for protein synthesis in highly proliferative cells such as embryonic progenitors and stem cells is met by regulation of the ribosome biogenesis rate [START_REF] Thomas | An encore for ribosome biogenesis in the control of cell proliferation[END_REF][START_REF] Conlon | Size Control in Animal Development[END_REF]. A functional and efficient ribosome production is necessary for progression through the cell cycle phases. Thus, cell proliferation should be closely coordinated with ribosome biogenesis. Indeed, many studies have highlighted the importance of several pathways in both processes [START_REF] Derenzini | Ribosome biogenesis and cancer[END_REF].

In this context, the main goal of my PhD was to study the functional relationship between ribosome biogenesis and neural progenitor proliferation. Therefore, I performed a functional analysis of fbl, the methyltransferase involved in rRNA maturation using zebrafish mutants. Strikingly, I did not observe a block in one of the phase of cell cycle.

However, cell cycle length could still be disrupted. To further analyze this feature, I suggest to perform cumulative EdU incorporation with pH3 and PCNA labelling. This will allow to decipher the length of each of the cell phases.

Interestingly, I demonstrated that fbl is essential for S-phase progression since mutant cells showed disturbed EdU incorporation and disrupted distribution within S-phase. We hypothesized that fbl mutant could have defects in DNA replication upon impaired ribosome biogenesis.

However, with our experiments we cannot conclude yet about this mechanism. To further analyze this hypothesis, I propose to first study DNA replication forks in fbl mutants. A fast and simple way to do these analyzes would be to phenocopy the phenotype we observe using the DNA replication inhibitor aphidicolin [START_REF] Vesela | Common Chemical Inductors of Replication Stress: Focus on Cell-Based Studies[END_REF]. Additionally, analysis of the DNA fibers by molecular combing, following EdU incorporation, would allow to measure the length of the replication forks [START_REF] Kaykov | Molecular Combing of Single DNA Molecules on the 10 Megabase Scale[END_REF].

Moreover, using qPCR analyzes, we revealed the increased expression of both tp53 and p21 waf1 suggesting a replicative or nucleolar stress. The impaired S-phase progression as well as lower EdU intensity incorporated suggest a replicative stress. To verify this hypothesis, it would be interesting to analyze the genomic instability using the γH2AX marker of DNA breaks. Furthermore, following S-phase defects such as double strand breaks, single stranded regions of DNA or resected double strand breaks, the ATM/ATR pathways is activated via the phosphorylation of the checkpoint kinase 1 (Chk1). Therefore, it would be important to assess the activation of this pathway using western blot analyzes of the phosphorylated form Chk1, and qPCR of the different intermediates of the pathways such as c-myc and cdc25a.

On the other hand, accumulation of free ribosomal proteins (RPs), due to disruption in ribosome assembly or ribosome biogenesis, leads to a cellular stress called "nucleolar stress". More precisely, upon ribosomal stress, increase in the level of free RPs leads to the sequestration of MDM2, preventing the latter to interact with p53 to target its degradation.

Therefore, any decrease in the translational machinery formation is recognized by the cell and prevent cell cycle progression. This often leads to cell cycle arrest through the induction of p21 by p53 stabilization and subsequent apoptosis.

Despite the apparent absence of ribosome subunit defects illustrated by polysome profiling, we cannot exclude the nucleolar stress hypothesis. To observe nucleolar stress, the analysis by Western Blot of the expression of two ribosomal proteins accumulated upon nucleolar stress (Rpl11 and Rpl5) will be performed. In addition, labelling of the nucleoli, using the nucleolar marker Nucleolin will be performed.

Ribosome biogenesis specificity

While ribosome biogenesis has been considered a "house-keeping" process for many years, it is now widely believed that ribosome biogenesis can be a specific process. This postulation has been confirmed by many studies highlighting the tissue, cell or organ specific role of many ribosome biogenesis factors, or ribosomal proteins. Furthermore, the discovery of ribosomopathies caused by the mutations in genes encoding for either ribosomal proteins, or for factors involved in ribosome synthesis, has reinforced this new concept. Indeed, as mutation in the translational machinery proteins should lead to nonviable organisms, many patients suffering from ribosomopathies show tissue specific symptoms.

Several different mechanisms have been proposed to underlie the tissue specificity of ribosome biogenesis disorders, including the selective translation of specific mRNAs, the extra-ribosomal functions of RPs and RBFs, and the differential requirements for ribosomes in different tissues.The notion of ribosome specificity stresses out the new and original concepts claiming that gene expression regulation is not only regulated at the transcriptional level but also at the translational level. Indeed, cell homeostasis and cell identity would be controlled by the specific or preferential translation of a subset of available mRNAs. This oriented translation is mediated by the slightly different ribosomes depending on the cell, or tissue of interest, having higher affinity for some mRNAs.

The second project of my PhD was to assess the specific role of ribosome biogenesis in neural progenitor. Indeed, many ribosome biogenesis factors show a specific expression in the slowly amplifying progenitors of the optic tectum. I used the results of a transcriptomic approach to isolate a new candidate. Besides fbl, pa2g4 gene expression was spatially restricted to the peripheral layer of the OT. I designed transgenes using regulator sequences to allow the restricted specific overexpression of the gene in order to study its specific role in tectal progenitor homeostasis. I generated several transgenic lines which I characterized.

Nowadays, performing tissue or cell specific knock-out is possible with the CRISPR/Cas9 system [START_REF] Ablain | A CRISPR/Cas9 Vector System for Tissue-Specific Gene Disruption in Zebrafish[END_REF] Therefore, I propose to take advantage of the different isolated enhancers to perform cell specific knock-out of pa2g4a in the pa2g4b mutants. Indeed, as illustrated with fbl mutants, ubiquitous loss of the function often leads to lethality. It would therefore be more relevant to study specifically the function of ribosome biogenesis factor.

These analyzes would further emphasize the ribosome biogenesis specificity concept.

1:500); rabbit anti-Dsred (Clontech, 1:500); rabbit anti-pa2g4a (GeneTex, 1:100); mouse anti-ZO-1 (Invitrogen, 1:500); rabbit anti-caspase 3 (BD pharmingen, 1:500). 

TUNEL staining

TUNEL labelling was performed using the Deadend Fluorometric TUNEL system (Promega) according to manufacturer's instructions. Embryos were washed in PBS, counterstained with DAPI (Sigma) and mounted with Vectashield hard-set mounting medium (Vector Laboratories).

Whole mount in situ hybridization

Riboprobes were synthesized as follow: cDNA (PCR amplified with specific primers, see Table 5) was inserted into a pCR II-TOPO vector (Molecular probes). Sequences and orientation of the inserts were checked by direct sequencing (GATC Biotech). The products of PCR amplification of the inserts with generic SP6-T7 primers were used to synthesize the antisense riboprobes, with the T7 or SP6 polymerase (Promega) (chosen on the basis of the sequencing results). Digoxigenin (DIG)-conjugated probes were synthesized with the UTP-DIG nucleotide mix (Roche) and purified then with the RNA clean up kit (Macherey-Nagel). Information about DIG riboprobes used for in situ hybridization is indicated in Whole-mount in situ hybridization was performed on manually staged (accoriding to Kimmel et al., 1995) dechorionated PTU-treated embryos fixed in 4% paraformaldehyde (PFA)/phosphate buffered saline (PBS) and stored in methanol at -20°C. Briefly, methanolstored embryos were rehydrated in a methanol/PBS series, permeabilized with proteinase K (10 mg/ml), pre-hybridized, and then hybridized overnight at 65°C in hybridization mixture (HM: 50% formamide, 5X standard saline citrate (SSC), 0.1% Tween 20, 100 mg/ml heparin, 100 mg/ml tRNA in water). After a series of washes in 50% SSC/formamide and SSC/PBST, embryos were incubated in blocking solution (0.2% Tween 20, 0.2% Triton X-100, 2% sheep serum in PBST) and incubated overnight at 4°C

with AP-conjugated anti-DIG antibodies (Roche) diluted 1:4000 in blocking solution.

Embryos were then washed in PBST, soaked in staining buffer (TMN: 100mM NaCl, 100 mM Tris-HCl, pH 9.5, 0.1% Tween 20 in water) and then incubated in NBT/BCIP (nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate) solution (Roche).

Juvenile brains were dissected out and processed as previously described [START_REF] Xu | Spatially regulated expression of three receptor tyrosine Dambroise, Simion, Bourquard et al. 13 www.StemCells.com V C AlphaMed Press 2017 kinase genes during gastrulation in the zebrafish[END_REF] but with the proteinase K treatment (10 mg/ml) reduced to 15 minutes. Antisense riboprobes were diluted in a hybridization buffer containing 5% dextran. For histological analysis, 30-µm thick agarose sections were prepared using vibratome.

Cresyl violet staining

PFA-fixed embryos were dehydrated in ethanol solutions of increasing concentrations and incubated in butanol before embedding in paraffin. Serial sections were prepared with a Leica rotary microtome and mounted according to standard procedures. Slides were rehydrated into xylene and ethanol, and stained with cresyl violet solution. Sections were lighten with glacial acetic acid and dehydrated with ethanol. 

Molecular analysis

Quantitative real-time PCR

Total RNA was extracted from 72hpf Zebrafish embryos with TRIzol reagent Au cours de mon doctorat, j'ai examiné si les gènes de la biogenèse des ribosomes peuvent avoir des rôles spécifiques dans les cellules progénitrices neuroépithéliales (CPNe). Profitant d'une analyse transcriptomique antérieure, j'ai d'abord examiné les nouveaux candidats accumulés dans les CPNe. J'ai décidé de me concentrer sur proliferation-associated 2G4 (pa2G4/ebp1) qui est exprimé de manière préférentielle dans les CPNe.

Ce gène favorise ou réprime la prolifération cellulaire dans des organismes normaux ou pendant la tumorigénèse. J'ai conçu une stratégie pour l'expression inductible et cellule-spécifique de ce gène.

Fibrillarin (Fbl), une petite méthyltranférase nucléolaire est également préférentiellement exprimée dans CPNe. Ce gène joue un rôle important dans le cancer. J'ai montré que les mutants fbl présentaient des défauts OTspécifiques, en lien avec une apoptose massive et une absence de différenciation neurale. J'ai également démontré une diminution de l'activité de traduction des ribosomes. En outre, les mutants fbl montrent une progression de la phase S altérée. Nos données suggèrent que fbl est essentiel à la prolifération des progéniteurs neuraux du poisson-zèbre. This gene promotes or represses cell proliferation in normal organisms or during tumorigenesis. I designed a strategy for the inducible expression and cell specific expression of this gene. Fibrillarin (Fbl), a small nucleolar methyltransferase is also preferentially expressed in NePCs. It plays an important role in cancer. I showed that fbl mutants displayed specific OT defects linked to a massive apoptosis and an absence of neural differentiation. I also demonstrated deficiencies in the ribosome translational activity. Additionally, fbl mutants showed impaired Sphase progression. Our data suggest that fbl is essential for the proliferation of zebrafish neural progenitors.
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 1 Identification d'un gène candidat pouvant jouer un rôle dans la biogenèse des ribosomes et dans le contrôle du cycle cellulaire.
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 1 Figure 1. The numerous components of ribosomes allow a tightly organized translation.Figure 2. Schematic representation of the eukaryotic cap-dependent translation initiation mechanism.
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 2 Figure 1. The numerous components of ribosomes allow a tightly organized translation.Figure 2. Schematic representation of the eukaryotic cap-dependent translation initiation mechanism.
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 3 Figure 3. Eukaryotic ribosome biogenesis at a glance.Figure 4. Scheme of human ribosomal genes and their transcripts.Figure 5. Organization of the rRNA genes.Figure 6. Comparative scheme of factors required for transcription initiation by PolI in yeast and mammals cells.
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 6 Figure 3. Eukaryotic ribosome biogenesis at a glance.Figure 4. Scheme of human ribosomal genes and their transcripts.Figure 5. Organization of the rRNA genes.Figure 6. Comparative scheme of factors required for transcription initiation by PolI in yeast and mammals cells.
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 7 Figure 7. The RNA polymerase I (PolI) transcription cycle.Figure 8. NoRC triggers the establishment of the silent, heterochromatic state of rRNA genes.Figure 9. Short term regulation of rDNA transcription is mediated by extracellular cues and implies different signaling pathways.
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 9 Figure 7. The RNA polymerase I (PolI) transcription cycle.Figure 8. NoRC triggers the establishment of the silent, heterochromatic state of rRNA genes.Figure 9. Short term regulation of rDNA transcription is mediated by extracellular cues and implies different signaling pathways.
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 10 Figure 10. Regulation of PolI transcription during the cell cycle.Figure 11. Nucleolar organization of eukaryotic cells.Figure 12. Timing of nucleolar assembly during cell cycle.Figure 13. Overview of the pre-rRNA processing in mammals.Figure 14. rRNA post-transcriptional modifications.Figure 15. Eukaryotic C/D box snoRNA and snoRNPs organization.Figure 16. Structure of Fbl protein in eukaryotes and archaea.Figure 17. : Fibrillarin interacts with a high diversity of partners, conferring several functions in cellular processes.
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 18 Figure 18. Evolution and conservation of Fibrillarin.Figure 19. Regulation of RNA PolI-mediated transcription during cell cycle progression.Figure 20. Role of ribosomal proteins in p53 activation upon nucleolar stress.Figure 21. Npm1 and ARF couple ribosome biogenesis with cell cycle proliferation and cell growth.
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 21 Figure 18. Evolution and conservation of Fibrillarin.Figure 19. Regulation of RNA PolI-mediated transcription during cell cycle progression.Figure 20. Role of ribosomal proteins in p53 activation upon nucleolar stress.Figure 21. Npm1 and ARF couple ribosome biogenesis with cell cycle proliferation and cell growth.
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 22 Figure 22. Models of p53-independent and RP-dependent response pathways to nucleolar stress.
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 23 Figure 23. Examples of p53-independent apoptosis and cell cycle arrest mechanisms in metazoans.
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 24 Figure 24. Heterogeneity of ribosomes can be due to differential expression of ribosomal proteins paralogs.
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 25 Figure 25. Rpl38 is rate limiting for the translation of Hox mRNAs.Figure 26. Neural induction and early patterning.Figure 27. Neural tube formation. Figure 28. Differentiation of the neural tube in human.Figure 29. Apico-basal polarity in neuroepithelial and radial glial.Figure 30. Neurogenesis and gliogenesis in proliferative zone of the embryo and adult rodent brain.
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 31 Figure 31. Comparative aspects of adult neural progenitor activity.Figure 32. Adult mammalian neurogenesis.Figure 33. Overview of the progenitor niches in the zebrafish adult brain.Figure 34. Localization of the optic tectum within the adult teleost brain.Figure 35. Retinotopic map in the optic tectum.Figure 36. Establishment of the tectal territory.Figure 37. Dorsal representation of OT morphogenesis during medaka development.Figure 38. Schematic representation of three examples of cellular conveyor belts.Figure 39. TMZ and CMZ are homologous structures.Figure 40. Proliferation cells are presents at the tectal margins in the adult zebrafish brains.Figure 41. Her5-positive cells of the TMZe express neuroepithelial characteristics and are at the origin of the adult neurogenic activity.
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 42 Figure 42. Conveyor belt neurogenesis in the visual system of teleosts.Figure 43. TMZe morphogenesis in zebrafish from 1 to 7dpf.
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 43444546474849503123567 Figure 42. Conveyor belt neurogenesis in the visual system of teleosts.Figure 43. TMZe morphogenesis in zebrafish from 1 to 7dpf.

  Ribosomes have been described for the first time in 1955 by George E. Palade as small

  surveys have followed in order to understand the structural basis of the mechanism. During translation, three events are repeated for every single codon: (1) recognition of the current codon with the help of a transfer RNA (tRNA); (2) peptidyl transfer allowing the newcoming amino acid to be linked to the nascent polypeptide; and (3) mRNA-tRNA translocation permitting the ribosome to move on to the next codon. Each ribosome possesses three bond sites for tRNA: the A-site in which the aminoacyl-tRNA lodges itself, the P-site where the peptidyl-tRNA is situated and the E-site in which the unloaded tRNA waits, ready to leave the ribosome. tRNA are stabilized within the ribosome through numerous contacts with the RPs and rRNAs. These interactions guarantee a correct positioning facing the mRNA in the SSU, and the peptidyl transferase center (PTC) in the LSU. At the level of the A-site, the tRNA is positioned in order to allow the correct contact between the mRNA codon and the anticodon in a zone of the SSU called the decoding center (DC) (fig 1A). The tRNA is loaded to the A site associated with the eukaryotic translation elongation factor 1 alpha (eEF1a) and a GTP molecule. During one cycle of translation elongation, a ribosome recruits an aminoacyl-tRNA, verifies the pairing between the mRNA codon and the tRNA anticodon, transfers the peptide bond and finally recovers to a conformation suitable for a new cycle of translation (fig 1B).

Figure 1 :

 1 Figure 1: The numerous components of ribosomes allow a tightly organized translation.A. Schematic representation of the three functional sites of ribosomes. The decoding center of mRNA (DC) is represented as an orange circle, and is located in the A site. A, P and E site are respectively indicated in pink, green and yellow. The peptidyl transferase center (PTC) is highlighted with a purple rectangle. The growing polypeptide chain is represented in blue. mRNA (in red), is located between the two subunits. B. Translation elongation cycle. During the translation of mRNA, the ribosome first recruits an aminoacyl-tRNA in the A site and binds to the elongation factor eEF1a (green disc). Following this first crucial step, the tRNA hybridizes by complementarity its anticodon to the mRNA codon, releasing eEF1a. The peptide bond is transferred to the pre-existing polypeptide chains. The tRNA is translocated to the P sites after an intermediate hybrid state with the help of the eEF2 (brown disc). The deacylated tRNA located in the E site exits from the ribosomes and a new cycle begins.

Figure 2

 2 Figure 2: Schematic representation of the eukaryotic cap-dependent translation initiation mechanism. (Haimov et al., 2015)

I. 1

 1 Ribosomal DNA Ribosomal DNA (rDNA) is organized in repeated sequences -200 copies in yeast (Nomura et al., 2013) and 400 copies in human cells (Henras et al., 2015). Although the number and size of these repeats vary among species, the general layout of each repeat is conserved (fig4A). The presence of many strongly transcribed rDNA genes allows the generation of an elevated number of rRNAs, fulfilling the massive demand of ribosome production.

Figure 3 :

 3 Figure 3: Eukaryotic ribosome biogenesis at a glance. (Lafontaine, 2015) Ribosome biogenesis encompasses six important steps (yellow boxes): (i) transcription of components (rRNAs, mRNAs encoding ribosomal proteins (RPs) and ribosome biogenesis factors (RBFs), and snoRNAs); (ii) processing (cleavage of pre-rRNAs); (iii) modification of pre-RNAs, RPs and RBFs; (iv) assembly; (v) transport (nuclear import of RPs and RBFs; pre-ribosome export to the cytoplasm); and (vi) quality control and surveillance. Three out of four rRNAs are transcribed in the nucleolus by Pol I as a long47S precursor (47S pre-rRNA), which is then processed and modified to yield the 18S, 5.8S and 28S rRNAs that are assembled into the pre-40S (green) and pre-60S (orange) ribosomal subunits. 5S rRNA (pink) is transcribed by PolIII in the nucleoplasm and incorporated into maturing 60S subunits, forming the central protuberance (CP). 80 RPs, more than 250 RBFs and 200 snoRNAs are transcribed by PolII. The proteins are synthesized in the cytoplasm and reimported to the nucleus for assembly. Pre-40S subunits are exported to the cytoplasm more rapidly than pre-60S subunits, which require numerous nuclear maturation steps. Several structures important for ribosome function are formed only in the cytoplasm, including the beak on the 40S subunit and the stalk on the 60S subunit; both are protruding features that could obstruct subunit export if formed prematurely. Pre-40S subunits undergo a 'test drive' to prove functionality before final maturation.

  genomic stability, DNA repair and global regulation of gene expression. Particularly, heterochromatic rRNA genes would mediate the formation and inheritance of nuclear heterochromatic regions (Guetg and Santoro, 2012). Moreover, rDNA instability has been associated with several human pathological conditions such as Bloom syndrome (Killen et al., 2009) or neurodegenerative syndromes (Hallgren et al., 2014) including Alzheimer. Eukaryotic cells contain thousands of ribosomal genes, tandemly repeated and clustered in one or several chromosomes (Long and Dawid, 1980). These clusters, called the nucleolus organizer region (NOR) play a role in nucleolus formation during interphase (reviewed in the chapter 1, Part II, I.4.Nucleolus) (Anastassova-Kristeva, 1977). They are isolated from the polymerases I and III because of their positioning and the presence of heterochromatic repetitive satellite DNA. Each single unit contains the sequence of rRNA polycistronic precursors (47S in human, 45S in mammals and 35S in yeast) organized in transcribed sequence and non-transcribed sequences (long intergenic spacer, IGSs). rRNA genes are composed of the three rRNAs (18S, 5.8S and 25/28S) distinguishable from internal and external sequences (ITS and ETS) (fig 4B,C). In mammals, rRNA genes are encompassed by diverse regulatory elements including promoter and enhancers. rRNA gene promoter is comprises of a core element essential for accurate transcription and an upstream core element (UCE). In addition, distal enhancer-like elements are present near the gene (Russell and Zomerdijk, 2005) (fig 5B). I.2 rDNA transcription Ribosome synthesis starts with the transcription of three rRNAs from ribosomal DNAs. 45S/35S rDNA is specifically transcribed by the RNA polymerase I (RNA PolI) in the nucleolus whereas the precursor of the fourth rRNA (5S) is synthesized independently in the nucleoplasm from multiple genes by the RNA PolIII (Ciganda and Williams, 2011).

Figure 4

 4 Figure 4: Scheme of human ribosomal genes and their transcripts (Raska et al., 2004). A. Ribosomal genes, tandemly repeated, are organized in transcribed sequences and intergenic spacers. B. rRNA gene (corresponding to one gene of the rDNA) is transcribed to give rise to a polycistronic rRNA. C. Maturation of the rRNA leads to the production of 18S, 5.8S, and 28S rRNA.

  Figure 6: Comparative scheme of factors required for transcription initiation by PolI in yeast and mammals cells (Schneider, 2012).A. Pre-initiation complex formation in yeast. Four factors are essential (Rrn3, core factor, TBP and UAF) to initiate polImediated transcription. B. Pre-initiation complex formation in mammals. As in yeast, four components (SL1, UBF, Rn3 and TTF-I) are key for the initiation complex. (UBF, SL1 and Rrn3).
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 71356 Figure 7: The RNA polymerase I (PolI) transcription cycle (Russell and Zomerdijk, 2005) 1. De novo PIC formation involves the selective binding of selectivity factor 1 (SL1) to the rDNA promoter and the incorporation of activator upstream binding protein (UBF) 2. Homodimerization of UBF allow the recruitment of PolI by SL1. 3. PolI initiates transcription upon promoter opening, followed by promoter escape. 5. Transcription by PolI terminates at the 3′ end of the gene at specific sequences bound TTF-I and PTRF, with the concomitant release of PolI and the nascent rRNA. 6. Reinitiation of transcription is possible through the remaining bounding of SL1 and UBF.

Figure 8

 8 Figure 8: NoRC triggers the establishment of the silent, heterochromatic state of rRNA genes (Grummt, 2010) A. Active chromatin copies are characterized by DNA hypomethylation, acetylation of histone H4 (H4ac), and demethylation of histone H3 Lys4 (H3K4me2). B. Epigenetically silenced rRNA genes are demarcated by histone H4 hypoacetylation, methylation of histone H3K9 (H3K9me) histone H4 Lys20 (H4K20me), association with heterochromatin protein 1 (HP1) and CpG methylation (CH3).

Figure 9 :

 9 Figure 9: Short term regulation of rDNA transcription is mediated by extracellular cues and implies different signaling pathways A. Schematic representation of the different extracellular signals acting on rRNA transcription (upregulation in green and downregulation in red). (Grummt, 2010) B. Intracellular mechanism responsible for the activation or inhibition of rDNA transcription. mTORC1 links the availability of growth factors, amino acids and glucose. PI3K/AKT/mTORC1 and RAS/RAF/ERK pathways form an intricate control network with the transcription of MYC to regulate the rate or rDNA transcription. (Kusnadi et al., 2015)

  chromosome adjacent to NORs (Kaplan et al., 1993) (fig 11C). Nucleoli are visible with light microscopy as well (fig 11B). Besides, with new technics, it is now possible to label specifically the various subregions of the nucleoli (fig 11B) using immunohistochemistry or reporter proteins fused to fluorescent protein tags. Surprisingly, it has been proposed

Figure 10 : 1 . 2 .

 1012 Figure 10: Regulation of PolI transcription during the cell cycle. (Grummt, 2010) 1. During G1/S phase, UBF is activated by phosphorylation by Cdk4-cyclinB and Cdk2-cyclinE/A. In addition, mTORC1-dependent and ERK-dependent pathways activate TIF-IA through its phosphorylation leading to the activation of PolI mediated transcription. 2. At entry in mitosis, Cdk1-cyclinB phosphorylates SL1 allowing the repression of PolI transcription. Activating phosphorylation are marked in green, and inhibiting ones in red.

Figure 11 :

 11 Figure 11: Nucleolar organization of eukaryotic cells A. Nucleolar organization of a human Hela cell using electron microscopy standard preparation. The three nucleolar components are visible due to their different contrast: the fibrillar centers (FC, asterisks), the dense fibrillar component (white arrow) and the GC. (Hernandez-Verdun et al., 2010) B. Visualization of nucleolar morphology and composition using light (a) and fluorescent (b) microscopy. (a) Differential interference contrast (DIC) images of the Hela cells highlight the prominent nucleoli within the nuclei (white arrows) -(b) Immunofluorescent labelling of Hela cell with specific antibodies against proteins in the GC (B23 in green), DFC (Fbl in red) and FC (RPA39 in blue). (Boisvert et al., 2007) C. Schematic representation of the nucleolus associated DNA. Nu nucleolus, Np nucleoplasm, RC chromosome carrying ribosomal genes (ribosomal chromosome), Cen centromere, PR proximal flanking region, DR distal flanking region, NRC non-ribosomal chromosome, FC/DFC FC/DFC unit. The center of rDNA transcription consists of FC surrounded with dense fibrillar component (DFC).Green dots represent granular component of the nucleolus.[START_REF] Smirnov | Nucleolar DNA: the host and the guests[END_REF] 

Figure 12 :

 12 Figure 12: Timing of nucleolar assembly during cell cycle (Hernandez-Verdun et al., 2010)In HeLa cells, transcription by PolI starts in telophase in the six active NORs, whereas the mitotic chromatin is still condensed (oval dark structure). In early G1a, the mitotic chromatin decondenses (grey), the nuclear envelope (broken line) is assembled, numerous PNBs (dark foci) are formed, and the active NORs recruits the processing proteins in DFC (green). In early G1b, the processing proteins are almost completely transferred from prenucleolar bodies (PNBs) to GC, and NORs regrouped in two to three nucleoli.

  shown above, immature rRNA cleavage sites are precisely located on the pre-rRNA and strictly ordered. A default in the location or the progression of these cleavages, independently of the chosen pathway, can lead to aberrant mature rRNAs and therefore defective ribosomes. Hence, the pre-rRNA cleavage steps are tightly regulated. Indeed, several rRNA modifying enzymes and factors as endo-and exonucleases and putative RNA helicases are required for the pre-rRNA processing. In particular, 5'-ETS processing necessitates ribosomal proteins (Ferreira-Cerca et al., 2005; O'Donohue et al., 2010), snoRNAs and the small subunit (SSU) processome U3 (Dragon et al., 2002; Osheim et al., 2004; Phipps et al., 2011) in mammals, and the exosome in yeast (de la Cruz et al.,

Figure 13 :

 13 Figure 13: Overview of the pre-rRNA processing in mammals. (Mullineux and Lafontaine, 2012)A. Pre-rRNA processing in human cells. 47S pre-rRNA is first cleaved at the 5' and 3' ETS giving rise to the 45S pre-rRNA. Following this first cleavage, 45S pre-rRNA can follow two alternative pathways, diverging by the sites of cleavages producing therefore different intermediates. Both pathways mostly take place within the nucleus, beside the final cleavage steps of 18S maturation. B. Pre-rRNA processing in mouse. As in human cells, the primary 47S transcript is first cleaved in the 5'ETS. However, contrary to human cells, supplementary intermediates are generated before the 45S pre-rRNA. Indeed, the cleavages in the 5' and 3' ends is performed in several steps in mouse cells. After obtaining the 45S rRNA, the latest undergoes further cleavages following two alternative pathways.
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 14 Figure 14: rRNA post-transcriptional modifications (Therizols et al., 2015) Modified and/or added chemicals groups are highlighted in red; m3U, A. Ribose methylation Am, 2′-O-methyladenosine; Gm, 2′-O methylguanosine; Um, 2′-O methyluridine; Cm, 2′-O methylcytosine, B. Base pseudouridylation ψ, pseudouridine, C-E. Other base modifications.

Figure 15 :

 15 Figure 15: Eukaryotic C/D box snoRNA and snoRNPs organization. Adapted from (Therizols et al., 2015) A. Schematic representation of a C/D box snoRNA. SnoRNAs are represented in black with box C and D consensus sequences, shown in white boxes, respectively close to 5' and 3' ends. Substrate rRNAs are indicated in red. Methylated residues are highlighted in yellow. B. Schematic representation of eukaryotic C/D box snoRNPs. 15.5kD (red) is recruited to the C/D box motif. Two copies of Fbl (green), each interacting with either one copy of Nop56 (orange) or one copy of Nop58 (yellow). Nop56 and Nop58 heterodimerize.

  additional functions such as pre-RNA cleavage, rRNA transcription regulation or ribosome assembly (Beltrame and Tollervey, 1995; Koh et al., 2011a; Tessarz et al., 2014; Tollervey et al., 1993). Fibrillarin structure and functions will be described in more details in the Chapter 1, Part II, II.4.Fibrillarin.

  their coiled-coil domains to allow communication between the C/D and C'/D' structural units. This interaction locks the RNP into the proper conformation leading to the formation of a functional snoRNP complex[START_REF] Aittaleb | Structure and function of archaeal box C/D sRNP core proteins[END_REF][START_REF] Lin | Structural basis for site-specific ribose methylation by box C/D RNA protein complexes[END_REF][START_REF] Rashid | Functional requirement for symmetric assembly of archaeal box C/D small ribonucleoprotein particles[END_REF].Furthermore,[START_REF] M€ Arz | Heterogeneity in progenitor cell subtypes in the ventricular zone of the zebrafish adult telencephalon[END_REF]5k might be recruited to the C'/D' domain through protein-protein interactions, in particular Nop56/Nop58 (Schultz et al., 2006). Nop56/Nop58 interaction role in the formation of the complex has been demonstrated by the fact that snoRNA containing only the box C/D motif can still be associated with all four core proteins (Newman et al., 2000; Watkins et al., 1998). Interestingly, studies of C/D snoRNPs reconstituted in Xenopus oocyte nuclei highlighted a crosslink of Fbl to both D and D' boxes, leading to the hypothesis that one copy of the enzyme is associated with each guide domain of the snoRNA (fig 15B) (Cahill et al., 2002). Assembly of box C/D complex (as H/ACA complex) requires the HSP90/R2TP chaperone-cochaperone system (Boulon et al., 2008; Zhao et al., 2008). This system plays essential roles in the biogenesis of snoRNPs, and appears to use specific adaptors to interact with C/D snoRNPs (reviewed in Massenet et al., 2016).

  structural domains: N-terminal glycine and arginine rich (GAR) domain, a central domain with presumed RNA-binding capacity, and C-terminal α-helical domain[START_REF] Aris | cDNA cloning and sequencing of human fibrillarin, a conserved nucleolar protein recognized by autoimmune antisera[END_REF] separated by two short spacer sequences Sp1 and Sp2. The RNA-binding and the αhelical domains form the methyltransferase domain (fig16A). The GAR domain is responsible for the interaction with different cellular and viral proteins. Moreover, it directs the protein to the nucleus and is involved in nucleoli retention. However, it should be emphasized that specific nucleolar localization of Fbl in the DFC does not depend on the GAR domain[START_REF] Snaar | Mutational analysis of fibrillarin and its mobility in living human cells[END_REF]. This domain is methylated on several arginine residues by the protein arginine N-methyltransferase 1 and 7 (PRMT1 and PRMT7)[START_REF] Yanagida | Human fibrillarin forms a sub-complex with splicing factor 2associated p32, protein arginine methyltransferases, and tubulins alpha 3 and beta 1 that is independent of its association with preribosomal ribonucleoprotein complexes[END_REF][START_REF] Zurita-Lopez | Human protein arginine methyltransferase 7 (PRMT7) is a type III enzyme forming ω-NGmonomethylated arginine residues[END_REF]. This methylation might promote specific binding with some proteins such as survival of motor neurons 1 (SMN1), a protein located in the CBs and involved in the spinal muscular atrophy disease. The MTase domain is divided into two regions: the R or central region and the α-helix domain. The R region contains a characteristic RNA-binding motif GCVYAVCF specific of proteins that bind RNA (Aris and Blobel, 1991). The C-terminal region of Fbl, composed of the α-helix domain, interacts with Nop56 (Lechertier et al., 2009). II.4.2 Fibrillarin functions Fibrillarin is nowadays considered as the rRNA methyltransferase. The rRNA 2'-Omethylation activity has been supported by the structure of the protein which is characteristic of methyltransferases (Feder et al., 2003; Wang et al., 2000), and by its ability to bind RNA (Rakitina et al., 2011). However, only a few studies show directly the enzymatic activity. In the early nineties, functional analyzes of Fbl have been performed in yeast. Especially, Jansen et al. demonstrated for the first time that vertebrate Fbl functions in rRNA processing in vivo. Furthermore, they highlighted the conservation of Fbl in eukaryotes since either human or Xenopus Fbl can complement a yeast nop1 mutant. Tollervey et al. further characterized the function of Nop1 in yeast. Generating a point mutation in the putative methyltransferase domain of the protein, they stressed out therRNA methylation activity of fibrillarin as well as its involvement in pre-rRNA processing and modifications, and ribosome assembly[START_REF] Tollervey | Temperaturesensitive mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation, and ribosome assembly[END_REF]. Additional investigations showed that Nop1 binds AdoMet (S-adenosyl-L-methionine) which is necessary for the methylation reaction[START_REF] Galardi | Purified Box C/D snoRNPs Are Able To Reproduce Site-Specific 2′-O-Methylation of Target RNA In Vitro[END_REF]. Besides, Fbl methylation activity is required and essential during embryonic development. Indeed, depletion of Fbl in mice leads to embryonic lethality(Newton et al., 2003).
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 16 Figure 16: Structure of Fbl protein in eukaryotes and archaea. (Rodriguez-Corona et al., 2015)A. In eukaryotes, the Fbl sequence is divided in four regions. The GAR domain is a sequence rich in glycine and arginine. The BCO domain is a sequence with undefined activity. The methyltransferase domain contains the enzymatic activity as well as the conserved RNA binding sequence. This MTase domain can be divided into two subdomains: the RNA binding domain and the α-helix. The latter allows interactions with the box C/D partner: Nop56. B. In archaea, the GAR domain is lacking. N-terminal domain is composed of the BCO domain for which no defined activity has been highlighted so far.

  several models(Amin et al., 2007;[START_REF] Hernandez-Verdun | Time-lapse, photoactivation, and photobleaching imaging of nucleolar assembly after mitosis[END_REF]. Particularly, in Hela cells, FBL is prominently found in the nucleoli during interphase (mainly in FCs and DFCs but also in the CBs). In prophase, when the nucleolus is dispersed, FBL is dispersed to the chromosomal periphery where it remains until anaphase. At the end of mitosis during telophase, FBL is considerably accumulated in prenuclear bodies (PNBs) which eventually form new nucleolus. This considerable accumulation supports the notion that the nucleolus is formed by recruited pre-rRNA processing factors followed by fusion of prepackaged PNBs into nucleolus[START_REF] Dousset | Initiation of nucleolar assembly is independent of RNA polymerase I transcription[END_REF][START_REF] Savino | The nucleolar antigen Nop52, the human homologue of the yeast ribosomal RNA processing RRP1, is recruited at late stages of nucleologenesis[END_REF]. In early G1, FBL localizes within the nuclear condensed chromatin(Amin et al., 2007). In addition, FBL seems to be actively involved in cell proliferation. Indeed, siRNA mediated knock-down experiments pointed out the role of FBL in maintaining normal nuclear morphology as well as contributing to cell growth.In fact, siRNA treated Hela cells displayed an abnormal nuclear shape as well as a decreased cell proliferation. The link between ribosome biogenesis and cell cycle will be further detailed in the Chapter 1, Part II, III.1 Ribosome biogenesis and cell cycle progression are mutually regulated.II.4.4 Fibrillarin and interacting partnersIn yeast, mutations of fbl generated by Tollervey et al. showed that Fbl is essential for cell survival. The diverse mutations generated were located in different domain of the protein and had different effects on ribosome biogenesis suggesting that different subsets of interacting partners can be involved[START_REF] Tollervey | Temperaturesensitive mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation, and ribosome assembly[END_REF]. Over the past 20 years, many Fbl partners have been identified (fig 17A). As described above, FBL localization changes throughout the cell depending on the cell cycle phases. Hence, interactions may also depend on the cell environment or differentiation state. Results from sucrose and glycerol gradients show different sedimentation peaks of Fbl, suggesting that the protein is found in more than one complex in the cells[START_REF] Dragon | A large nucleolar U3 ribonucleoprotein required for 18S ribosomal RNA biogenesis[END_REF][START_REF] Sasano | Distribution of U3 small nucleolar RNA and fibrillarin during early embryogenesis in Caenorhabditis elegans[END_REF]. The typical Fbl interacting partners are Nop56/Nop58, 15.5K and snoRNAs, forming the snoRNP complex which is involved in rRNA methylation. However, Fbl protein interacts with a large variety of partners beside the snoRNP components. For example, in a large-scale analysis of protein complexes in yeast, Krogan et al. identified RPA49, a non-essential subunit of PolI, as one partner of Nop1.Among other interacting proteins, p32 and Nop52 interact with Fbl at different times but probably at the same binding region. It has been suggested that p32 would associate with the pre-ribosomal 90S particles via Fbl in order to modify ribosome maturation. In its turn, Nop52 would replace Fbl and interact with p32 initiating the formation of the 60S and 28S ribosomal particle in the granular component (Yoshikawa et al., 2011). The diversity and density of Fbl interactions (Chatr-Aryamontri et al., 2013; Krogan et al., 2006) highlight the extent of possible functions for Fbl such as post-translational modifications or regulation of the stability and localization of the protein. In particular, these interactions would be involved in many cellular processing. Depending on the interactions, Fbl could favor cell growth or growth inhibition (fig17B).
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 17 Figure 17: Fibrillarin interacts with a high diversity of partners, conferring several functions in cellular processes (Rodriguez-Corona et al., 2015) A. Fibrillarin interacting proteins are involved at different stages of ribosomal processing from PolI mediated rDNA transcription to translation process. B. Schematic drawing of fibrillarin involved in cellular processes.

FBL

  expression in cancer, show an overexpression of the protein compared to healthy tissue. FBL expression level is significantly higher in human breast cancer (Marcel et al., 2013; Su et al., 2014), squamous cell cervical carcinoma (Choi et al., 2007) and prostatic intraepithelial neoplasia (Koh et al., 2011b). Moreover, FBL expression has been correlated to the expression of oncogenic or tumor suppressor genes, known to be involved in tumor development. In particular, C-MYC binds to FBL promoter (Koh et al., 2011b) in

  ethnicity, antibodies against FBL have been detected and correlated to shorter survival[START_REF] Mejia Otero | Antifibrillarin Antibodies Are Associated with Native North American Ethnicity and Poorer Survival in Systemic Sclerosis[END_REF]. Surprisingly, as in systemic sclerosis, autoantibodies against FBL develop in mercury-treated mice[START_REF] Reuter | Mercuric chloride induces autoantibodies against U3 small nuclear ribonucleoprotein in susceptible mice[END_REF]. Moreover, mercury treatment leads to specific inhibition of PolI-mediated transcription and FBL cellular re-localization[START_REF] Chen | Specific inhibition of rRNA transcription and dynamic relocation of fibrillarin induced by mercury[END_REF]. Upon treatment with mercury, FBL co-localizes with nucleoplasmic proteasome which might constitute the cell biological basis of autoimmune responses that specially target FBL in mercury-mouse models and sclerotome[START_REF] Chen | Subcellular recruitment of fibrillarin to nucleoplasmic proteasomes: implications for processing of a nucleolar autoantigen[END_REF].
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 18 Figure 18: Evolution and conservation of Fibrillarin. (Rodriguez-Corona et al., 2015) A. Sequence comparison for all eukaryotic Fibrillarins. The cladogram reveals nine primary branches separating fungi, plants, invertebrates and vertebrates. The analysis involved 212 amino acid sequences. All position contains gaps and missing data were eliminated.. B. Structural alignment of different Fbl. Six crystal structures of the Fbl from different organism were compared. Dark yellow: Methanococcus jannaschii; Blue: Homo sapiens Light yellow: Aeropyrum pernix; Orange: Pyrococcus horikoshii Green: Sulfolobus solfataricus; Purple from Pyrococcus furiosus C. The six crystal structures of Fbl were aligned to visualize the overlap of structures. The localisation of the calcium ion and the SAM are shown as well as the domain regions.
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 19 Figure 19: Regulation of RNA PolI-mediated transcription during cell cycle progression (Drygin et al., 2010) UBF is activated during interphase by phosphorylation of serine 484 (S484) by Cdk4/cyclin D and phosphorylation of serine 388 (S388) by Cdk2/cyclin E and A. At the entry into mitosis, phosphorylation of TAFI110 at threonine 852 (T852) by Cdk1/cyclin B inactivates TIF-IB/SL1. At the exit from mitosis, Cdc14B dephosphorylates T852, leading to recovery of TIF-IB/SL1 activity. Activating phosphorylations are marked in green, inhibiting ones in red.
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 20 Figure 20: Role of ribosomal proteins in p53 activation upon nucleolar stress.A. Under normal growth conditions, RPs are assembled with processed rRNAs into 40S and 60S subunits in the nucleolus. Mdm2 interacts with p53 and mediates its ubiquitinylation. p53 is sent to the proteasome and degraded. B. During nucleolar stress, RPs are released into the nucleoplasm where they interact with Mdm2 inhibiting its ubiquitinylation activity and promoting the accumulation of p53. In the cytoplasm, ribosome-free RpL26 binds to the 5'UTR of p53 mRNA to induce its translation. Accumulated p53 activated the expression of target genes involved cell cycle arrest and apoptosis.

Figure 21 :

 21 Figure 21: Npm1 and ARF couple ribosome biogenesis with cell cycle proliferation and cell growth. (Grisendi et al., 2006) Npm1 segregate ARF in the nucleolus (a). Upon nucleolar stress and ribosome biogenesis blockage, ARF is released to the nucleoplasm where it can phosphorylate Mdm2 thereby preventing it to ubiquitylate p53. Hence, Npm1 and ARF couple ribosome biogenesis and cell cycle progression in a p53-dependent manner (b). Elevated levels of Npm1 lead to the accumulation and stabilization of ARF (c) that can negatively regulate ribosome biogenesis by inhibiting rRNA transcription (d) and destabilizing Npm1.

  1 is a transcription factor which controls the expression of gene whose products are important for the entry and passage throughout the S-phase[START_REF] Dimova | The E2F transcriptional network: old acquaintances with new faces[END_REF].In the p53-independent pathway, E2F-1, once activated, positively regulates several crucial pro-apoptotic genes such as p73[START_REF] Stiewe | Role of the p53-homologue p73 in E2F1-induced apoptosis[END_REF], Apaf1, Puma or Noa. Among RPs that can trigger nucleolar stress, Rpl3 is also one key players of the p53-independent response. Following ribosome stress, Rpl3 enters the nucleus where it acts as a cotranscription factor (fig22B and 23C). Together with Npm1, it activates the transcription of the p21 gene thereby leading to cell cycle arrest at the G1/S phase transition (Russo etal., 2013).Besides, there is now an emerging field of evidence suggesting the existence in the cells of a number of alternative nucleolar stress pathways involving RBFs that bypass p53 and directly play a crucial role in apoptosis. These p53-independent regulators of apoptosis include several nucleolar factors such as Npm1, Wnt target Peter Pan (PPAN) and ARF. In fact, as mentioned in the former section, Npm1 plays a crucial role in conditions of nucleolar stress in a p53-dependent manner. When Npm1 is translocated from the nucleolus to the cytoplasm, it complexes not only with Arf, but also with a Bcl2-associated X protein (Bax), a crucial effector of mitochondrial apoptosis[START_REF] Lo | A novel interaction of nucleophosmin with BCL2-associated X protein regulating death evasion and drug sensitivity in human hepatoma cells[END_REF]. Arf proteins are also involved in both p53-dependent and independent pathways. Indeed, Arf may act independently of the Mdm2-p53 axis in tumor surveillance as its enforced expression induces cell cycle arrest and/or triggers apoptosis in cell lacking P53[START_REF] Eymin | p14ARF activates a Tip60-dependent and p53-independent ATM/ATR/CHK pathway in response to genotoxic stress[END_REF].

Figure 22 :

 22 Figure 22: Models of p53-independent and RP-dependent response pathways to nucleolar stress (Russo and Russo, 2017). A. Ribosome-free Rpl11 (pink) and Rpl5 (light blue) are translocated from the nucleolus to the nucleus upon nucleolar stress. Rpl11 specifically interacts with Mdm2 in order to prevent E2F-1 degradation. Rpl11 and Rpl5 form a complex with c-Myc to repress its expression and induce its degradation. B. Following ribosome stress, Rpl3 enters the nucleus where it acts as a co-transcription factor. Together with Npm1 it activates the transcription of the p21 gene thereby leading to cell cycle arrest at the G1/S phase transition.

Figure 23 :

 23 Figure 23: Examples of p53-independent apoptosis and cell cycle arrest mechanisms in metazoans-Adapted from James et al., 2014. A. E2F-1 and Prl11 response to nucleolar stress. B. Human RPL3 induces cell cycle arrest through p21. C. PIM 1 kinase-dependent nucleolar stress sensor. D. PPAN-dependent cell death.

(

  Neumüller et al., 2011). Additional studies have showed that Rpl22l1 and Rpl22 play essential, distinct and antagonistic roles in hematopoietic stem cells (HSCs; Zhang et al., 2013b). Recently, it has been shown that the expression of ribosomal protein RPL22 controls ribosome composition by directly repressing expression of its own paralogue, Rpl22l1 in mouse (O'Leary et al., 2013). Differentially expressed RP paralogues in progenitor and differentiated cells might indicate the existence of different ribosome biogenesis in stem/progenitor cells compared to differentiated cells.

Figure 25 :

 25 Figure 25: Rpl38 is rate limiting for the translation of Hox mRNAs. (Xue and Barna, 2015) A. Processed model of RP specificity in control of gene expression during murine embryogenesis. The enriched expression of specific RP in different tissues may confer translational specificity to distinc classed of mRNAs (a,b,c). Brain: green, limbs: yellow, somites: blue. B. A TIE in the 5'UTR of certains mRNA (as Hox) inhibits cap-dependent translation. An addition cisregulatory element (IRES) can recruit the ribosome through a cap-independent mechanism. Translation from the IRES enables specialized regulation by the ribosome itself. For example, RPL38 is required for the translation of several TIE and IRES-containing Hox transcripts.

  presents a wide range of distinct tissue-specific phenotypes. Several different mechanisms have been proposed to underlie the tissue specificity of ribosome biogenesis disorders, including the selective translation of specific mRNAs, the extra-ribosomal functions of RPs and RBFs, and the differential requirements for ribosomes in different tissues.IV.3.1.a Selective translation of IRES mRNAsAs described earlier, ribosomes can preferentially translate certain mRNAs, depending on the cellular environment. Defects in RBFs and/or RPs lead to alterations in the ribosome itself, which change its ability to recognize and bind different IRES elements under various conditions. Several examples of the effect of disruption of IRES-mediated mRNAs translation have been highlighted by clinical studies and/or animal models as detailed in the following paragraphes.Dyskeratosis congenita (DKC) is a rare inherited bone marrow-failure syndrome characterized by abnormal skin pigmentation, nail dystrophy, and mucosal leukoplasia[START_REF] Walne | Dyskeratosis Congenita: a historical perspective[END_REF]. The X-linked form of the disease is caused by a mutation in DKC1[START_REF] Heiss | X-linked dyskeratosis congenita is caused by mutations in a highly conserved gene with putative nucleolar functions[END_REF], encoding DYSKERIN, responsible for the pseudouridylation of rRNA[START_REF] Lafontaine | The box H+ACA snoRNAs carry Cbf5p, the putative rRNA pseudouridine synthase[END_REF]. DYSKERIN is also a part of the telomerase complex, and defects in both ribosome biogenesis and telomere maintenance have been shown in patient cells and in mouse models of the disease[START_REF] Mitchell | A telomerase component is defective in the human disease dyskeratosis congenita[END_REF][START_REF] Mochizuki | Mouse dyskerin mutations affect accumulation of telomerase RNA and small nucleolar RNA, telomerase activity, and ribosomal RNA processing[END_REF][START_REF] Montanaro | Increased Mortality Rate and Not Impaired Ribosomal Biogenesis is Responsible for Proliferative Defect in Dyskeratosis Congenita Cell Lines[END_REF][START_REF] Ruggero | Dyskeratosis Congenita and Cancer in Mice Deficient in Ribosomal RNA Modification[END_REF]. Alterations in rRNA pseudouridylation have been shown to be deleterious for ribosome biogenesis and function most likely by altering the affinity of the ribosome for mRNAs. More precisely, X-linked DKC results in a specific reduction of IRES-mediated mRNA translation in patient lymphoblasts and fibroblasts, without affecting global levels of protein synthesis[START_REF] Yoon | Impaired control of IRES-mediated translation in X-linked dyskeratosis congenita[END_REF]. In particular, translation of the tumor suppressor p27, and the anti-apoptotic proteins XIAP and Bcl-xL, is significantly reduced. Therefore, DKC patients show increased apoptosis in hematopoietic progenitors and stem cells, resulting in bone marrow defects. In addition, disruption of dyskerin leads to accumulation of cells in the G2/M phase of the cell cycle, resulting in reduced proliferation rates[START_REF] Alawi | Dyskerin is required for tumor cell growth through mechanisms that are independent of its role in telomerase and only partially related to its function in precursor rRNA processing[END_REF][START_REF] Gu | Slow growth and unstable ribosomal RNA lacking pseudouridine in mouse embryonic fibroblast cells expressing catalytically inactive dyskerin[END_REF]. Given that IRES-containing mRNAs are expressed under particular conditions, it seems likely that these defects would only be present at specific times or in specific tissues.Another good example of the role of IRES-mediated mRNA translation in tissue-specific disorders is the Diamond-Blackfan anemia (DBA). DBA is a congenital hypoplastic anemia caused by selective decrease or absence of erythroid precursors in the bone marrow[START_REF] Delaporta | Clinical phenotype and genetic analysis of RPS19, RPL5, and RPL11 genes in Greek patients with Diamond Blackfan Anemia[END_REF]. In addition to the bone marrow symptoms, patients present craniofacial defects, cardiac defects and thumb abnormalities(Kim et al., 2012). The syndrome is caused by the mutation of ribosomal proteins genes including most commonly RPS19 (Zhang et al., 2014b), and also RPL5 and RPL11 (Delaporta et al., 2014). Knockdown of RPS19 in healthy CD34+ cells reduces their proliferation capacity by stalling the cell cycle at G0, in addition to impairing erythroid differentiation. Moreover, in mice, mutation in Rps19 and Rpl11 result in deficient IRES-mediated translation of BCL2-associated anathogene 1 (BAG1) and cold shock containing domain E 1 (CSDE1) in erythroblasts. Reduced translation of BAG1 and CSDE1, due to an alteration in ribosome specificity for IRES-containing mRNAs, is also detected in DBA patient cells (Horos et al., 2012).IV.3.1.b. Extra-ribosomal functions and binding partnersIn addition to the specific affinity of ribosome towards IRES-containing mRNAs, RPs have been shown to have other functions that those related to ribosome. Furthermore, RPs can be differentially processed by RBFs leading to heterogeneity of the translation machinery (see Chapter 1, Part II, IV.Ribosome specificity and heterogeneity).Treacher Collins syndrome (TCS) is a rare congenital disorder of craniofacial development.TCS is characterized by hypoplasia of the facial bones, particularly the mandible and zygomatic complex, together with cleft palate, downward slanting of the palpebral fissures, and anomalies of the external and middle ear. Patients often have complications from the craniofacial dystosis, including issues with airway, swallowing, brain development and hearing[START_REF] Sakai | Treacher Collins syndrome: unmasking the role of Tcof1/treacle[END_REF]. In 1996, TCOF1 was identified as the gene responsible for TCS[START_REF] Group | Positional cloning of a gene involved in the pathogenesis of Treacher Collins syndrome[END_REF]. TCOF1 encodes for the protein TREACLE. TREACLE colocalizes with UBF1 and RNA PolI and plays an essential role in rDNA transcription and rRNA processing[START_REF] Valdez | The Treacher Collins syndrome (TCOF1) gene product is involved in ribosomal DNA gene transcription by interacting with upstream binding factor[END_REF]. There is a clear temporal aspect to the disease, as Tcof1 expression in the mouse embryo is strong in embryonic development, particularly in the developing branchial arches, and diminishes to near background levels by embryonic day 10.0[START_REF] Dixon | Sequence Analysis, Identification of Evolutionary Conserved Motifs and Expression Analysis of Murine tcof1 Provide Further Evidence for a Potential Function for the Gene and Its Human Homologue, TCOF1[END_REF]. Mouse and zebrafish models of the disease have revealed a deficiency specifically in migrating neural crest cells due to reduced proliferation rates and increased apoptosis[START_REF] Dixon | Tcof1/Treacle is required for neural crest cell formation and proliferation deficiencies that cause craniofacial abnormalities[END_REF][START_REF] Weiner | Fishing the Molecular Bases of Treacher Collins Syndrome[END_REF]. This defect in neural crest cells is proposed to underlie the hearing loss in Treacher Collins syndrome, as the affected middle ear is neural crest derived, while the unaffected inner ear does not originate from neural crest cells[START_REF] Richter | Defects in middle ear cavitation cause conductive hearing loss in the Tcof1 mutant mouse[END_REF]. In Xenopus oocytes, treacle was shown to interact with fbl(Tessarz et al., 2014;[START_REF] Tollervey | Temperaturesensitive mutations demonstrate roles for yeast fibrillarin in pre-rRNA processing, pre-rRNA methylation, and ribosome assembly[END_REF], and nop56, both components of the RNP methyltransferase complex. TCOF1 knockdown therefore causes a reduction in 2'-OH methylation in nascent rRNA[START_REF] Gonzales | The Treacher Collins syndrome (TCOF1) gene product is involved in pre-rRNA methylation[END_REF]. Reduction of rRNA transcription and modification due to TREACLE haploinsufficiency is thus proposed to underlie the proliferation defect in neural crest cells, which in turn leads to hypoplasia of the facial bones. Recently, mutations in POLR1C and POLR1D, encoding subunits of RNA PolI and RNA PolIII respectively, were also found to underlie the etiology of TCS[START_REF] Dauwerse | Mutations in genes encoding subunits of RNA polymerases I and III cause Treacher Collins syndrome[END_REF]. Mutant zebrafish models, homozygous for the mutations of polr1c or polr1d, exhibit cartilage hypoplasia and cranioskeletal anomalies. These mutants display neuroepithelial cell death and a deficiency of migrating neural crest cells, which underpins the cranioskeletal defects[START_REF] Watt | The Roles of RNA Polymerase I and III Subunits Polr1c and Polr1d in Craniofacial Development and in Zebrafish Models of Treacher Collins Syndrome[END_REF].The role of RBFs in ribosomopathy and ribosome heterogeneity can also be highlighted in the cartilage hair hypoplasia (CHH) disorder. Indeed, patients affected by the disease carry a mutation in the RMNP gene[START_REF] Hermanns | Consequences of mutations in the non-coding RMRP RNA in cartilage-hair hypoplasia[END_REF][START_REF] Reicherter | Cartilage-hair hypoplasia caused by novel compound heterozygous RMRP mutations[END_REF], which encodes the RNA component of the mitochondrial RNA processing complex (RNAse MRP). CHH is characterized by short-limb dwarfism, accompanied by sparse hair, immunologic and hematological defects[START_REF] Boothby | Cartilage hair hypoplasia[END_REF][START_REF] Thiel | Type and level of RMRP functional impairment predicts phenotype in the cartilage hair hypoplasia-anauxetic dysplasia spectrum[END_REF].

  cirrhosis (NAIC) disorder. NAIC is caused by a mutation in CIRH1A encoding the protein CIRHIN[START_REF] Chagnon | A Missense Mutation (R565W) in Cirhin (FLJ14728) in North American Indian Childhood Cirrhosis[END_REF]. The yeast homolog of CIRHIN, Utp4, is a member of the small ribosomal subunit processome and is essential for ribosomal RNA maturation[START_REF] Freed | The C-terminus of Utp4, mutated in childhood cirrhosis, is essential for ribosome biogenesis[END_REF][START_REF] Freed | NOL11, Implicated in the Pathogenesis of North American Indian Childhood Cirrhosis, Is Required for Pre-rRNA Transcription and Processing[END_REF]. During mouse development, Cirhin is highly expressed with much lower levels of expression in the somites, brain and craniofacial structures. Zebrafish show similar results with high expression in the liver, gallbladder, pancreas and anterior intestine[START_REF] Wilkins | p53-mediated biliary defects caused by knockdown of cirh1a, the zebrafish homolog of the gene responsible for North American Indian Childhood Cirrhosis[END_REF]. Morpholino injection targeting cirh1a leads to defects in the development of the biliary system, with no defects observed in the other tissues[START_REF] Wilkins | p53-mediated biliary defects caused by knockdown of cirh1a, the zebrafish homolog of the gene responsible for North American Indian Childhood Cirrhosis[END_REF]. In this case, it seems that the high requirement of Cirhin in the liver makes it most sensitive to a loss of Cirhin function.Differential expression of the ribosomal protein RPL38 has also been shown to play a role in mediating the phenotype in mice deficient in ribosome biogenesis. This is demonstrated in the spontaneous dominant mouse mutant, Tail short, which is characterized by a short and kinky tail, homeotic transformations of the skeleton, facial malformations, and eye abnormalities. Rpl38 expression is enriched in the somites along the entire anteriorposterior axis during somitogenesis, pointing to a role in axial vertebral patterning[START_REF] Kondrashov | Ribosome-mediated specificity in Hox mRNA translation and vertebrate tissue patterning[END_REF].

  Barna et al, employing transgenic mice that express c-myc under the control of the immunoglobulin heavy chain promoter and enhancer and consequently develop B-cell lymphomas[START_REF] Barna | Suppression of Myc oncogenic activity by ribosomal protein haploinsufficiency[END_REF]. In this study, the authors demonstrated how perturbations in translational control provide a highly specific outcome for gene expression, genome stability, and cancer initiation. More precisely, they observed an aberrant regulation of capand IRES-dependent translation during mitosis responsible for impairment of cytokinesis and increased centrosome numbers and genome instability. Moreover, overexpression of c-myc in Rpl24 heterozygous mice leads to the delayed onset of B-cell lymphoma, along with the re-establishment of accurate translational control and genome stability. This latest observation emphasizes the importance of increased ribosome biogenesis to the development of c-myc-driven B-cell lymphomas[START_REF] Barna | Suppression of Myc oncogenic activity by ribosomal protein haploinsufficiency[END_REF]. In addition to changes in the patterns of translated mRNAs, increased ribosome biogenesis may upregulate global protein synthesis, leading to enhanced protein accumulation in the endoplasmic reticulum (ER). Following this protein accumulation, the cells activate a feedback mechanism which slows down protein synthesis. Furthermore, increased translation rates upon excessive ribosome biogenesis may decrease translational fidelity.Both phenomena might contribute to ER stress leading to uncontrolled cell proliferation.Moreover, upregulated ribosome biogenesis may inhibit cell differentiation as well, increasing cancer cell initiation. Ribosomal proteins variations can also play a major role in tumor formation. Indeed, several RPs are overexpressed in tumor cells and clinical tissue samples obtained from cancer patients. For example, RPL36A, a tumor associated ribosomal protein, is highly expressed in hepatocellular carcinoma. Ectopic overexpression of RPL36A in liver cells enhances colony formation and increases cell proliferation by accelerating the cell cycle[START_REF] Kim | Overexpression of the ribosomal protein L36a gene is associated with cellular proliferation in hepatocellular carcinoma[END_REF]. Similarly, overexpression of another ribosomal protein RPS3a in NIH3T3 cells induces the characteristic features of malignant transformation[START_REF] Naora | Altered Cellular Responses by Varying Expression of a Ribosomal Protein Gene: Sequential Coordination of Enhancement and Suppression of Ribosomal Protein S3a Gene Expression Induces Apoptosis[END_REF].

  organisms and humans have suggested that both of these changes may contribute to the etiology of cancer. Deficiencies of 17 individual RPs in zebrafish led to the development of certain malignant peripheral nerve sheath tumors[START_REF] Amsterdam | Many ribosomal protein genes are cancer genes in zebrafish[END_REF]. Subsequent work showed that RP-haploinsufficient zebrafish cells lose p53 expression at the level of protein synthesis, suggesting that a decrease in the number of ribosomes impairs the selective translational upregulation of mRNAs encoding for this key tumor suppressor[START_REF] Macinnes | Loss of p53 synthesis in zebrafish tumors with ribosomal protein gene mutations[END_REF].

  is possible that the differential expression of RP genes may alter the stoichiometry of RPs in the ribosome. Therefore, over-and underexpression of individual RPs could potentially establish heterogeneity and specialized functions of ribosomes (see Chapter 1, Part II, IV.1.Heterogeneity in ribosome functions rely on variability in ribosomal proteins) that could mediate translational reprogramming during tumorigenesis and cancer progression (Xue and Barna, 2012). Moreover, it could be hypothesized that, in addition to variation in RP complement of the ribosome, many other qualitative ribosome changes that result from usage of alternative RP isoforms, posttranslational modification of RPs, mutations of RPs genes, sequence diversity of rRNA and post-transcriptional chemical modification of rRNA might be associated with tumorigenesis and cancer progression (Filipovska and Rackham, 2013; Xue and Barna, 2012). To date, however, the only ribosomal heterogeneity that has been identified in malignant tumors arises from the presence of specific mutant RPs or aberrant chemical modification of rRNA (De Keersmaecker et al., 2013; Xue and Barna, 2012). Moreover, as described in the Chapter 1, Part II, II.4.5.a. Fibrillarin is an oncogene, recent studies by Marcel et al. have led to significant progress in expanding our understanding of the molecular mechanisms that regulated 2'-O-methylation of rRNA and their role in protein synthesis and tumorigenesis, illustrating the importance of rRNA post-transcriptional modifications in cancer generation (Marcel et al.

  neural induction, initiated during early embryonic development and more exactly during gastrulation, allows the specification of the neuroectoderm. It is triggered by a series of signals emanating from the adjacent dorsal mesoderm (the "Organizer" in frog and fish and the "Node" in chick and mouse) and occurs according to the "default model" described in Xenopus[START_REF] Ozair | Neural induction and early patterning in vertebrates[END_REF]. Briefly, cells within the ectodermal layers differentiate into neural tissue unless exposed to Bone Morphogenetic Protein (BMP), secreted from the ventral side of the gastrula and diffused as a gradient along the dorso-ventral axis[START_REF] Weinstein | Neural induction[END_REF]. Dorsally, BMP antagonists such as Noggin, Chordin or Follistatin, protect the ectoderm from BMP signaling and trigger neural plate formation from the dorsal ectoderm ( Pera et al., 2014). Moreover, the wing-integrated (Wnt)/β-catenin proteins form an additional gradient along the antero-posterior axis allowing the regionalization of the CNS (fig 26B). The organizer secretes Wnt antagonists Frzb1 (frizzled-related protein), Cerberus and Dkk1 (Dickkopf-related protein 1), which during gastrulation translocate to the anterior pole of the embryo and establish a Wnt/βcatenin gradient that determine the antero-posterior polarity of the neural plate (fig 26B; Niehrs, 2010). At the onset of neural plate induction, the anterior part of the neural plate is already specified to form brain tissue whereas the most posterior part is committed to establish the spinal cord (Ozair et al., 2013). Perpendicular activity gradients of BMP and Wnt signals are conserved throughout evolution. Chordin and BMP have conserved functions in Bilateria for patterning the dorso-ventral axis during gastrulation. Key roles for anterior Wnt inhibition by Dkk and posterior Wnt signals have been validated in most Metazoans (Niehrs, 2010; Ozair et al., 2013). In addition, FGF (Fibroblast Growth Factor) can also inhibit BMP signaling in the early embryo through the binding to tyrosine kinase receptors and the signaling via the MAPK (Mitogen-Activated Protein Kinase) cascade. For example, FGF/MAPK pathway can promote phosphorylation of the BMP transducer Smad1 (Eivers et al., 2009) leading to neural fate induction. More precisely, the FGF pathway is involved in the caudalization of the tissue (Pera et al., 2014).

Figure 26 :I. 1 . 2

 2612 Figure 26: Neural induction and early patterning A. In amphibians, BMP4 (along with certain other molecules) is a powerful ventralizing factor. Organizer proteins such as Chordin, Noggin and Follistatin, the block the action of BMP4; their inhibitory effects can be seen in all the three germ layers. Drawing depicts the classical model for organizer signaling developed in amphibians. This model applies to all vertebrates. From (Gilbert S., Developmental Biology, 9th edition). B. The model shows how perpendicular activity gradients of Wnt and BMP regulate antero-posterior and dorso-ventral patterning. The color scales of the arrows indicate the signaling gradients; arrows indicate the spreading of the signals. Patterning begins at gastrula stages, but for clarity, it is depicted in an early amphibian neurula. The formation of head, trunk and tail requires increasing Wnt activity. (Niehrs, 2004)

Figure 27 :

 27 Figure 27: Neural tube formation[START_REF] Gammill | Neural crest specification: migrating into genomics[END_REF] A. The neural plate border (green) is induced by signaling between the neuroectoderm (purple) and the non-neural ectoderm (blue) and from the underlying paraxial mesoderm (yellow). B, C. During neurulation, the neural plate borders (neural folds) elevate, causing the neural plate to roll into a neural tube. D. Neural crest cells (green) delaminate from the neural folds or the dorsal neural tube (shown), depending on the species and axial level.

Figure 28

 28 Figure 28: Differentiation of the neural tube in human. (Darnell and Gilbert, 2017) The three primary vesicles become similarly subdivided as development continues and become functionally different from each other.The prosencephalon (orange) subdivides in the telencephalon (dark orange) and the diencephalon (light orange). The mesencephalon (green) does not divide and give rise to different structures of the midbrain. The rhombencephalon (blue) subdivides to generate the metencephalon (source of the cerebellum in light blue, and the myelencephalon (dark blue).

  regulating the time of exposure to ventricular factors (Del Bene et al., 2008). NePCs are highly proliferative cells and increase in number by symmetric proliferative divisions to produce a pool of progenitors necessary for CNS development (Huttner and Kosodo, 2005).

  Götz et al., 2015). RGCs keep several features of NePCs such as apico-basal polarity, adherent junctions and INM. INM is different between NePCs and RGCs. In these latter, nuclei do not move along the whole apico-basal axis, but movements are confined to the portion of the cell between the apical surface and the basal boundary of the ventricular zone of the subventricular zone (fig 29B; Götz and Huttner, 2005).

Figure 29 :

 29 Figure 29: Apico-basal polarity in neuroepithelial and radial glial (Götz and Huttner, 2005). A. In neuroepithelial cells, interkinetic nuclear migration spans the entire apico-basal axis of the cells. The nucleus migrates to the basal side during G1 phase. S phase occurs at the basal region. The nucleus rapidly moves back to the apical surface to enter the M-phase. B. In radial glial cells, nuclear migration does not extend toward the basal side, but rather, stays confined to the portion of the cell between the apical surface and the basal boundary of the ventricular zone.

  cells (IPC), astrocytes or ependymal cells (fig 30; Kriegstein and Alvarez-Buylla, 2009). Surprisingly, radial glial cells are a heterogeneous population. Depending on the expressed markers, radial glial cells are differentially classified and possess divergent potency. At the end of embryonic development, radial glial cells disappear turning into ependymal cells or astrocytes supporting neuronal function and regulating metabolic activity.

Table 3 :

 3 Similarities and differences between the different kinds of neural progenitors in term of cellular behavior. Adapted from Götz et al., 2015

Figure 30 :

 30 Figure 30: Neurogenesis and gliogenesis in proliferative zone of the embryo and adult rodent brain. (Kriegstein and Alvarez-Buylla, 2009) Neuroepithelial cells firstly divide symmetrically to generate more neuroepithelial cells. Some neuroepithelial cells likely generate early neurons. As the developing brain epithelium thickens, neuroepithelial cells elongate and convert into radial glial cells. RGCs divide asymmetrically to generate neurons directly or indirectly through intermediate progenitor cells. Radial glial cells can also give rise to oligodendrocyte indirectly thought intermediate progenitors (oIPC). As the progeny from RGCs and IPCs move for differentiation, the brain thickens, further elongating the RGCs. At the end of embryonic development, most RG begin to detach from the apical side and convert into astrocytes while oIPC production continues. A subpopulation of RGCs retains apical contact and continue functioning as neural progenitors in the neonate. These neonatal RGCs continue to generate neurons and oligodendrocytes through nIPCs and oIPCS; some convert into ependymal cells, whereas others convert into adult subventricular zone (SVZ) astrocytes (type B cells) that continue to function as NSCs in the adult. B cells maintain an epithelial organization with apical contact at the ventricle and basal endings in blood vessels. They continue to generate neurons and oligodendrocytes through (n and o) IPCs. This illustration depicts some of what is known for the developing and adult rodent brain. Timing and number of divisions likely vary from one species to another, but the general principles of neural progenitor identity and lineages are likely to be preserved. Solid arrows are supported by experimental evidence; dashed arrows are hypothetical. Colors depict symmetric, asymmetric, or direct transformation. IPC, intermediate progenitor cell; MA, mantle; MZ, marginal zone; NE, neuroepithelium; nIPC, neurogenic progenitor cell; oIPC, oligodendrocytic progenitor cell; RG, radial glia; SVZ, subventricular zone; VZ, ventricular zone.

  subventricular zone (SVZ) lining the lateral ventricles and the subgranular zone (SGV) within the dentate gyrus of the hippocampus (fig 31A, fig 32A; Lindsey and Tropepe, 2006). The SVZ is directly derived from the embryonic ventricular zone. In adulthood, this neurogenic zone represents the most proliferative zone in the rodent brain. Indeed, about 30 000 new immatures neurons (neuroblasts) are formed every day from neural progenitors. Four classes of cells have been identified in this niche: type A cells (NCAM and βIIItubulin-positive neuroblasts), type B cells (GFAP-positive astrocytes), type C cells (transient-amplifying cells) and type E cells (ependymal cells). Doetsch et al. showed that type B cells are slowly dividing progenitor cells which then generate the fast dividing transient-amplifying cells type C cells. Then, the latter give rise to the neuroblasts (type A cells) (Doetsch et al., 1999). Newly generated neurons would thereafter, migrate towards the olfactory bulbs where they differentiate into interneurons. In addition, SVZ neural progenitors can also give rise to oligodendrocytes of the corpus callosum (fig 32B).

Figure 31 :

 31 Figure 31: Comparative aspects of adult neural progenitor activity (Adapted from Grandel and Brand, 2013) Parasagittal sections through the brains of an adult (a) rodent (mouse), (b) bird (canary), (c) reptile (lizard) and (d) fish (zebrafish) indicating regions of constitutive proliferation (red) and neurogenesis (blue). CC: corpus cerebelli; HVC: nucleus engaged in song learning and production; LPO: lobus parolfactorius; OB: olfactory bulb; P: pallium (dorsal telencephalon); RA: robust nucleus of the archistriatum; RMS: rostral migratory stream; SGZ: subgranular zone; SP: subpallium (ventral telencephalon); SVZ: subventricular zone; TO: optic tectum.

Figure 32 :

 32 Figure 32: Adult mammalian neurogenesis (Adapted from Bond et al., 2015) A. Sagittal view of the adult rodent brain. Two major niches can be found. The subventricular zone (SVZ) is located along the lateral ventricle in the forebrain, while the subgranular zone (SGZ) is located in the hippocampus along the dentate granule cell layer. B. Impact of the neural progenitors in the adult mammalian brain. Neural progenitors in the SVZ and SGZ release autocrine and paracrine niche factors. In addition, neural progenitors form GAP junctions to directly communicate with each other. SVZ NPs generate OB neurons and CC oligodendrocytes. OB neurons contribute to olfactory learning, while CC oligodendrocytes myelinate CC axons. SGZ NPs generate DG neurons and astrocytes. DG neurons are important for pattern separation functions. CC: corpus callosum; DG: dentate gyrus; Hipp: hippocampus; LV: lateral ventricle; NP: neural progenitors; OB: olfactory bulb; RMS: rostral migratory stream; St: striatum; SGZ: subgranular zone; SVZ: subventricular zone.

12 and 16

 16 distinct proliferation zones have been described (fig 31D) in several species such as stickleback (Gasterosteus aculeatus), brown ghost (Apteronotus leptorhynchus) and zebrafish (Danio rerio) (Grandel and Brand, 2013). In medaka (Oryzias latipes) and Nothobranchius furzeri, adult brain proliferation zones have been partially characterized and correspond to the general pattern published so far in teleost (Kuroyanagi et al., 2010; Tozzini et al., 2012). Interestingly, those proliferative/neurogenic zones are present along the whole rostro-caudal axis of the brain (fig 31). In particular, in zebrafish two distinct neurogenic proliferation zones have been detected in the telencephalon: a ventral proliferation zone along the ventricular side of the subpallium and a dorsal proliferation zone along the ventricular surface of the pallium (fig 33B; Adolf et al., 2006; Byrd and Brunjes, 1998, 2001; Ekström et al., 2001; Grandel et al., 2006; Zupanc et al., 2005). In addition, widespread proliferation has been shown in the cerebellar molecular layer (fig 33D). Finally, in zebrafish, the optic tectum as well as the retina both possess prominent proliferative niches. More particularly, a proliferation zone is located around the posterior half of the OT, at the margin of the periventricular grey zone (PGZ) facing the tectal ventricle (fig 33C; Grandel et al., 2006; Ito et al., 2010). Similar niches are present in both goldfish and medaka. The peculiarity of adult neurogenesis in teleost and amphibian resides

  movements and the spatial orientation (Krauzlis et al., 2013; Zénon and Krauzlis, 2014).

Figure 33 :

 33 Figure 33: Overview of the progenitor niches in the zebrafish adult brain. Adapted from Grandel and Brand, 2013The zebrafish adult brain contains at least fifteen neurogenic niches. Both radial glial cells (RGCs) and neuroepithelial cells contribute to neurogenesis at adulthood. A. Dorsal view of the zebrafish brain. Red line indicates sagittal section. Black lines indicate section levels through (B) telencephalon, (C) optic tectum and (D) cerebellum. B. Telencephalic cross section indicating neurogenic niches in the pallium/dorsal telencephalon (B1), subpallium/ventral telencephalon (B2) and lateral pallium (B3) that are magnified in the same panel. RGC support neurogenesis in the pallium (GFAP+, vimentin+, S100β+), whereas neuroepithelial cells support neurogenesis in the subpallium and in the lateral pallium (nestin+; ZO1+ in apical membrane). C. Neurogenic niche in the tectum around the margin of the periventricular grey zone facing the tectal ventricle. Boxed area depicts location of the tectal neurogenic niche in C1: non-glia (GFAP-, BLBP-, S100β-) polarized (ZO-1+, γ-tubulin+, aPKC+ at apical membrane) progenitor cells give rise to neurons and periventricular radial glia. D. The cerebellar neurogenic niche gives rise to granule cells and some Bergmann glia. Cerebellar stem/progenitor cells are non-glia (GFAP-, vimentin-, BLBP-, S100β-) but neuroepithelial-like polarized cells (nestin+; ZO-1+, β-catenin+, γ-tubulin+, aPKC+ at the apical membrane). VL indicates the position of the ventricle lumen in every structure.

Figure 34 :

 34 Figure 34: Localization of the optic tectum within the adult teleost brain. Adapted from Wulliman et al., 2012 Lateral (A) and dorsal (B) view of the adult zebrafish brain. Dotted lines delimit, from left (rostral) to right (caudal) the telencephalon (forebrain), mesencephalon (midbrain) and rhombencephalon (hindbrain). The optic tectum is the large structure, localized dorsally in the mesencephalon. The dorsal view of the brain highlight the existence of two lobes in the OT. CC: crista cereballis; CCe: corpus cerebelli; Ctec: Commissura tecti; EG: eminentia granularis; Ha: habenula; IL: inferior lobe of hypothalamus; LL: lateral line nerves; MO: medulla oblongata; MS: medulla spinalis; OB : olfactory bulb; PG: periglomerular area; Pit: pituitary; PSp : parvorcellular superficial pretectal nucleus; Tel : telencephalon; TeO: optic tectum; TH: tuberal hypothalamus; TLa: torus lateralis.

Figure 35 :

 35 Figure35: Retinotopic map in the optic tectum A. Schematic representation of the topography and orientation of synaptic regions of the zebrafish visual pathway. In the retina, a ten layered structures is present, gathering several cell type afferents such as ganglions cells neurites and amacrine cells (colored bands on the left, IPL). Ganglion cells axons leave the eye via the optic nerve and project to the optic tectum. In the OT neuropil, each axons terminate in one of ten layers (colored band in the right).[START_REF] Baier | Synaptic laminae in the visual system: molecular mechanisms forming layers of perception[END_REF]. B. Progression of the retinotectal connections shift over time. On the left panel, the retinotectal projections form a retinotopic map in the OT. Over time, when both retina and OT are growing, each tectal hemispheres are adding new cells in a crescent shape at the periphery. In the retina, the growth of the structure is triggered by the addition of cells circumferentially. Because new neurons are added in discordant patterns, the retino-tectal connections need to be remodeled to conserve the map.(Cerveny et al., 2012) BM: basement membrane; GCL: ganglion cell layer; INL: inner nuclear layer; IPL: inner plexiform layer; OPL: outer plexiform layer; PhRL: photoreceptor layer; PVN: periventricular neurons; SAC: stratum album centrale; SAC/SPV, boundary between SAC and SPV; SFGS: stratum fibrosum et griseum superficiale; SGC: stratum griseum centrale; SM: stratum marginale; SO: stratum opticum; SPV: stratum periventriculare (also called periventricular grey zone, PGZ); PVN: Periventricular neurons.

  in vertebrates and involves several molecular and cellular activities. Early during development, several steps are necessary for the correct positioning, induction, maintenance and morphogenesis of MHB and adjacent territories[START_REF] Rapacioli | Morphogenetic and Histogenetic Roles of the Temporal-Spatial Organization of Cell Proliferation in the Vertebrate Corticogenesis as Revealed by Inter-specific Analyses of the Optic Tectum Cortex Development[END_REF]. The first step corresponds to the positioning of the MHB via the spatial restriction of transcription factors expression along the rostro-caudal axis. In particular, the homeoboxdomain-containing transcription factors Orthodenticle homologue 2 (otx2) and gastrulation brain homeobox 2 (gbx2) are expressed in the anterior and posterior epiblast, respectively. The boundary between the two expression domains is defined by the action of Wnt molecules secreted by the lateral mesendoderm (Cavodeassi and Houart, 2012). The interphase between otx2 and gbx2 expressions ultimately defines the position of the IsO and of the MHB lately. In zebrafish, fgf8 and wnt11, expressed by both structures, are required for the definition of hindbrain vs midbrain identify. Indeed, Foucher et al. demonstrated that fgf8 is required at the MHB to repress otx in the presumptive anterior hindbrain (fig 36; Foucher et al., 2006).

  composed of proliferating neural progenitors (fig 37A, zone a in red). Post-mitotic cells are generated during the first phase, and are restricted in a central zone (fig 37B, zone b in blue). Finally, those post-mitotic cells differentiate into neurons (fig 37C, zone c in yellow; Rapacioli et al., 2016). Once neurulation is achieved, proliferating cells become restricted to the medial, caudal and lateral margins of the structure (fig 37E, 38C).

Figure 36 :

 36 Figure 36: Establishment of the tectal territory (Rapacioli et al., 2016) A. Patterning of the brain along the rostrocaudal axis. The prosencephalon (Pro), mesencephalon (Mes) and rhombencephalon (Rhomb) are divided in five territories along the antero-posterior axis. The prosencephalon is divided in two parts: the telencephalon (Tel) and the Diencephalon (Di). The rhombencephalon is composed of the metencephalon (Met) anteriorly and the Myelencephalon (My) posteriorly. Dotted lines represent the optic tectum rostral and caudal boundaries. Two signaling organizers are patterned in the developing brain: the anterior neural ridge (ANR) and the isthmic organizer (IsO). Different transcription factors are expressed along the rostro-caudal axis, defining several territories. B. Representation of the network of interactions between the diverse signaling pathways involved in the neural plate regionalization and patterning. A model proposes that Meis2 plays a role in the identity of the OT. The network of interactions allow the progressive restriction of Meis2 expression within the dorsal midbrain. Mutual repression between otx and gbx genes defines and refines the position of the IsO. Fgf and Wnt signaling pathways are both involved in the definition of metencephalon vs the mesencephalon. Otx2, Pax3 and Pax7 localize the tectal identity.

Figure 37 :

 37 Figure 37: Dorsal representation of OT morphogenesis during medaka development. (Rapacioli et al., 2016) A. Stage 22-26: The whole tectum is composed of proliferating neural progenitors (red). B. Stage 30: Postmitotic cells born between the stage 22-26 and the stage 30 are now localized in the center of the OT while the proliferative cells are pushed to the periphery. C. Stage 32-39: Post-mitotic cells have differentiated in neural cells. The latter are localized in the center of the structure. D. Traverse section through the mediolateral axis shown in (C). E. Higher magnification of the cell cycle and proliferation zone.

Figure 38 :

 38 Figure 38: Schematic representation of three examples of cellular conveyor belts A. Intestinal crypts of a mammal B. Retina of a teleost fish or a frog C. Optic tectum of a teleost fish The progenitor zones are in red, the zone of actively dividing progenitors (or fast amplifying progenitors) are in yellow, the cell cycle exit zones are in green and the differentiated cells are in blue. The white arrow indicate the direction of the cellular conveyor belts movements. cb: ciliary body; gcl: ganglion cell layer; iinl: inner part of the inner nuclear layer; ic: intestinal crypt (Lieberkühn crypt); iv: intestinal villosity; L: lens; oinl: outer part of the inner nuclear layer; OT: optic tectum; Pc: Paneth cells; pgz: periventricular grey layer; prl: photoreceptor layer; Teg: tegmentum (ventral midbrain)

Figure 39 :

 39 Figure 39: TMZ and CMZ are homologous structures (Joly et al., 2016) Schematic lateral views (A-C) and cross sections (D-I) of zebrafish embryos. Proliferation genes (yellow) are first expressed in the entire alar part of the forebrain/midbrain, but then expression retreats to the progenitor zones of TMZ and the CMZ. A,D,G. At the 3-somites stage, expression of proliferation genes is in the dorsal part of the anterior neural tube. B,E,H At the 15-somite stage, the primordia of the tectum and retina become separated. The retina evaginates, forming the eye cup. Expression of proliferation genes becomes confined to the dorsal eye cup. In the midbrain, proliferation genes retreat towards the mid-dorsal and the ventral part of the alar plate, which invaginates to form the torus semicircularis. C,F,I At the 25-somite stage, expression of proliferation genes become restricted to the TMZ and CMZ. The CMZ forms a transitional domain between the neural retina and pigmented epithelium, encircling the lens. Similarly, the TMZ forms a narrow, hinge-like region encircling the lateral and posterior tectum.

Figure 40 :

 40 Figure 40: Proliferation cells are presents at the tectal margins in the adult zebrafish brains. Adapted from Grandel et al., 2006 A. Grandel and colleagues highlighted the presence of sixteen proliferation zones within the zebrafish adult brain which are depicted on the schematic drawing of a parasagittal section and indicated by numbers B-C. The proliferation zone of the midbrain (zone 13, blue box) is particularly interesting. PML cells are actively proliferating as it can be seen in B on cross-sections of a brain of a 7-month-old adult zebrafish double stained for BrdU (green), 46 days after an initial 48 hours pulse, and PCNA (red) to visualize actively proliferating cells. Moreover, these cell contribute both to the optic tectum (TeO) and to the torus semicircularis (TS) as shown in C cross-sections of a brain of a 7-month-old adult zebrafish stained for BrdU (green) 46 days after an initial pulse, HuC/D (neuronal marker, red) and S100β (radial glia marker, blue). Indeed, adjacent to the PML, BrdU+ cells have moved into the HuC/D+ nuclear areas of the optic tectum and the torus semicircularis and into the S100β+ ventricular zone (arrow) of the OT.

  edge (TMZe, CMZe) which are slowly-amplifying progenitors (SAPs), and the intermediate layer (TMZi, CMZi) which are fastly dividing progenitors cells (FAPs) (fig 42; Joly et al., 2016; Recher et al., 2013). In zebrafish, at long-pec stage (48hpf), the external layer of the TMZ (previously called the peripheral midbrain layer or PML) connects the OT to a ventral structure called torus semicircularis. Formation of the TMZe can be divided in two steps: the initial formation before 48hpf, and the elongation of the sheet after 48hpf (fig 43). These slow amplifying progenitors are large polarized neuroepithelial cells. They contain larger nucleoli than more central cells of the

Figure 41 :

 41 Figure 41: Her5-positive cells of the TMZe express neuroepithelial characteristics and are at the origin of the adult neurogenic activity (Galant et al., 2016) A. Schematic cross-section of one tectal hemisphere from an adult zebrafish showing the different cell populations. Arrows indicate the lineages, ie:green arrow: generation of PGZ neurons and radial glia from TPZ proliferating progenitors; dark red arrow: generation of tegmental neurons by her5-positive cells of the PML. B. Schematic representation of OT the neurogenic sequence. The arrows indicate hierarchical relationships; cell types and genes expression are color-coded. The indirect (i) and indirect (ii) neurogenic route evidences in the OT are indicated.OT territory maintain NePCs inherited from an embryonic NePCs pool expression her5 genes, and that serve both as a growth zone and as a RGCs source. RGCs are transiently neurogenic in the OT. They rapidly switch to a non-neurogenic stage (green, dark greys surrounding) CCe:crista cerebellaris ; IPZ:isthmic proliferation zone, PGZ:periventricular grey zone ; TMZe : tectal marginal zone externe ; TeO:tectum opticum ; TPZ: tectal proliferation zone ; TSc: torus semicircularis.

Figure 42 :

 42 Figure 42: Conveyor belt neurogenesis in the visual system of teleosts (Joly et al., 2016) Magnified view of schematic sections of the CMZ (A) and TMZ (B). Both CMZ and TMZ can be further subdivided, which is indicated by color coding. At their peripheral edge, the TMZ and CMZ contain stem cells (yellow). Away from this edge one finds the intermediate TMZ (TMZi) and intermediate CMZ (CMZi), both of which have fast amplifying progenitors (light green). Dark green indicates neural precursors exiting the cell cycle. In dark blue are differentiated neurons.

Figure 43 :

 43 Figure 43: TMZe morphogenesis in zebrafish from 1 to 7dpf (Recher et al., 2013) A. Parasagittal sections of zebrafish from 1dpf to 7 dpf. As development proceeds, the TMZe (delineated by a yellow dashed line) becomes thinner and tightly apposed to the OT. B. Schematic dorsal view of an embryo at 48 hpf. Planes of the sagittal sections in C (parasagittal) and D (sagittal) are indicated. The TMZe is found at the margin of the OT (yellow). C. On parasagittal sections, the TMZe connects the OT to the TS. D. On sagittal sections, the TMZe connects the OT to the cerebellum.

  In order to analyze the molecular signature of the OT neuroepithelial progenitor cell (NePC) population, a medaka transgenic line with the wdr12 promoter sequence driving the expression of GFP in NePCs has been generated in our group. Further characterization of this line demonstrated that NePC localization is widespread in the juvenile medaka brain.
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2 Features

 2 

Figure 1 .

 1 Figure 1. Isolation of a driver active in the neuroepithelial (NE) cells of the OT. (A): Diagram of the OT proliferation zone, with the NE cells in yellow (TMZe) and the transitory amplifying progenitors in green (TMZi). (B): In situ hybridization for wdr12 on cross-section in 1-month-old medaka brain. (C): The Medaka wdr12/nop58 locus (from UCSC genome browser (chr2:21879500-21902550, NIG/UT MEDAKA1/oryLat2 Assembly)). Ten putative regulatory elements conserved in fish were assayed (top panel). The wdr12:gfp construct contains 2.205 kb upstream from the ORF, 41 bp of exon 1, 811 bp of intron 1, and 30 bp of exon 2 (bottom panel). This construct can produce either GFP alone or a fusion protein containing the first 14 amino acids of wdr12, depending on where translation starts (GFP contains its own Kozac sequence). (D-I) Comparison of the expression of wdr12:GFP with that of markers of cell proliferation (PCNA, D1-D3), progenitors (SOX2, E1-E3), cell polarity (aPKC, F1-F3), neurons (Hu, G1-G3), and glial cells (S100, H1-H3; GS, I1-I3) on cross-sections of juvenile medaka (1-2 months old) brain. (D-I): Panel 1 depicts the green channel (GFP) 1 red channel (marker) 1 gray channel (DAPI), panel 2 depicts the green channel only and panel 3 the red channel only. White straight line indicates the position of the ventricle. White arrowheads identify GFP 1 cells also labeled for aPKC (F), Hu (G). Scale bar 5 100 mm (B); 10 mm (D-I). See Supporting Information Table S1 for anatomical structure abbreviations. Abbreviations: aPKC, atypical Protein Kinase C; Cb, cerebellum; DAPI, 4',6-Diamidine-2'-phenylindole dihydrochloride; GFP, green fluorescent protein; GS, glutamine synthetase; FZ, fibrous zone; OT, optic tectum; PCNA, Proliferating Cell Nuclear Antigen (PCNA); PGZ, periventricular grey zone; SOX2, SRY (Sex-Determining Region Y)-Box 2; Tel, telencephalon; TMZe, external tectal marginal zone; TMZi, internal tectal marginal zone.

Figure 2 .

 2 Figure 2. Wdr12:GFP 1 cells are found in most zones of proliferation in the juvenile brain. (A): Horizontal sections of a cleared 1month-old wdr12:GFP fish brain stained as indicated in (A1). Twelve ventricular zones (VZs) harbor GFP1 cells: the dorsomedial pallium (A1: this panel is a maximal projection of the expression observed at the surface of the pallium), the posterolateral edge of the pallium (A2), the subpallium (A3), the preoptic area (A11), the ventral habenula (A7), the dorsal thalamus (A10), the posterior tuberculum (A5), the ventromedial thalamic nucleus (A4), the ventral, dorsal, and caudal hypothalamus (A12), the TMZe (A8), the tip of the cerebellar caudal lobe (A9), and the solitary tract (A6). (B): Volume rendering of a 1-month-old medaka brain cleared and stained for PCNA. The 12 zones of proliferation are segmented in different colors. (C): Volume rendering of a 1-month-old wdr12:GFP fish brain cleared and stained for GFP (volume in green) and PCNA (volume in violet). The yellow volume represents the overlap between the two types of staining. Scale bar 5 100 mm (A1-A3, A7-A12); 50 mm (A4-A6). See Supporting Information Table S1 for anatomical structure abbreviations. Abbreviations: A, anterior nucleus of diencephalon; Cb, cerebellum; CM, corpus mamillare; EP, epiphysis; FR, fasciculus retroflexus; GFP, green fluorescent protein; GL, cerebellar granule cell layer; H, habenula; HD, dorsal periventricular hypothalamus; HV, ventral periventricular hypothalamus; LC, cerebellar caudal lobe; ML, cerebellar molecular layer; NDIL, diffuse nucleus of inferior lobe; NST, nucleus of the solitary tract; OB, olfactory bulb; PGZ, periventricular grey zone; PM, magnocellular preoptic nucleus; PP, periventricular pretectal nucleus; PVO, paraventricular organ; SC, suprachiasmatic nucleus; Tel, telencephalon; TP, posterior tuberal nucleus; TMZe, external tectal marginal zone; VM, ventromedial nucleus. [To view the 3D model of Figure 2 please download the PDF version of this article available at wileyonlinelibrary.com]

Figure 3 .

 3 Figure 3. Identification of new regions housing postembryonic neuroepithelial (NE) cells in the wdr12:GFP line. (A-J): Characterization of the wdr12:GFP 1 cell population in the ventricular zone (VZ) of the anterior nucleus of the diencephalon (red square in the scheme in A). (B-I): Comparison of the expression of wdr12:GFP with that of markers of cell proliferation (PCNA, B1-B3), progenitors (SOX2, C1-C3), neurons (Hu, D1-D3), cell polarity (aPKC, E1-E3; ZO-1, F1-F3), and glial cells (S100, G1-G3; GS, H1-H3; GFAP, I1-I3) on crosssections of juvenile medaka (1-2 months old) brain. (J): Quantification of colabeling for GFP and PCNA (n 5 520 cells), SOX2 (n5270 cells), Hu (n 5 359 cells), S100 (n 5 301 cells), GS (n 5 605 cells), or GFAP (n 5 372 cells). (K-T): Characterization of the wdr12:GFP 1 cell population in the VZ of the caudal lobe of the cerebellum (red square in the scheme in K). (L-S): Comparison of the expression of wdr12:GFP with that of markers of cell proliferation (PCNA, L1-L3), progenitors (SOX2, M1-M3), neurons (Hu, N1-N3), cell polarity (aPKC, O1-O3; ZO-1, P1-P3), and glial cells (S100, Q1-Q3; GS, R1-R3; GFAP, S1-S3) on cross-sections of juvenile medaka (1-2 months old) brain. (T): Quantification of the colabeling of GFP and PCNA (n 5 682 cells), SOX2 (n 5 515 cells), Hu (n 5 1114 cells), S100 (n 5 253 cells), GS (n 5 742 cells), or GFAP (n 5 1,334 cells). (B-I) and (L-S): Panel 1 depicts the green channel (GFP) 1 red channel (marker) 1gray channel (DAPI), panel 2 depicts the green channel only and panel 3 the red channel only. White straight line indicates the position of the ventricle. White arrowheads identify GFP 1 cells also labeled for Hu (D, N), aPKC (E, O), or ZO-1 (F, P). Scale bar 5 10 mm (B-I; L-S) (panel 3). See Supporting Information Table S1 for anatomical structure abbreviations. Abbreviations: aPKC, atypical Protein Kinase C; A, anterior nucleus of diencephalon; CC, crista cerebellaris; CP, central posterior nucleus; CR, cerebellar recessus; DAPI, 4',6-Diamidine-2'phenylindole dihydrochloride; gc, griseum central; GFP, green fluorescent protein; GFAP, glial fibrillary acidic protein; GS, glutamine synthetase; LC, cerebellar caudal lobe; OT, optic tectum; PCNA, Proliferating Cell Nuclear Antigen; TL, torus longitudinalis; VIIIp, posterior vestibular nerve; Vm, mesencephalic ventricle; V3, third ventricle; V4, fourth ventricle; SOX2, SRY (Sex-Determining Region Y)-Box 2; ZO-1, Zonula occludens-1.

Figure 4 .

 4 Figure 4. Cell sorting and RNA-seq on OT wdr12:GFP 1 cells. (A1): Experimental design: 30 OT were dissected from 1-month-old wdr12: GFP and ebf3:GFP fish and disrupted. We then isolated wdr12:GFP 1 , wdr12:GFP 2 cells, and ebf3:GFP 1 cells by cell sorting (FACS). The sorted cells were subjected to Ilumina High-Seq 1000 sequencing. (A2): Dorsal view of adult medaka brain. (A3): Cross-section diagram. (A4): Localization of wdr12:GFP 1 , wdr12:GFP 2 cells, and ebf3:GFP 1 cells in the ventral OT. (B): Heat-map representation of expression levels for genes differentially expressed in wdr12:GFP 1 , wdr12:GFP 2 , and ebf3:GFP 1 cell populations. Red/blue indicates higher/lower levels of expression, as indicated by the scale bar. See Supporting Information Table S1 for anatomical structure abbreviations. Abbreviations: FACS, fluorescence activated cell sorting; GFP, green fluorescent protein; OT, optic tectum.

Figure 5 . 8 Features

 58 Figure 5. Two classes of proliferation-related genes, one of which is specific to NE cells. (A): Cross-sections of 1-month-old fish brains taken from the telencephalon (1), mesencephalon, (2) and cerebellum (3). Diagrams based on those of Anken and Bourrat [38]. (B, F): Diagram showing the ISH signal (yellow) in the different areas studied: dorsal pallium, optic tectum, and caudal lobe of the cerebellum.(C-E, G-J): Whole-mount in situ hybridization for the mycN, msh2, men1, nop58, rpa3, and casc5 genes. See Supporting Information TableS1for anatomical structure abbreviations. Scale bar 5 50 mm. Abbreviation: NE, neuroepithelial cell.

Figure 6 .

 6 Figure 6. Progressive activation of the proliferation of NE cells and DNA repair. (A): DNA repair network, based on IPA analysis. Blue circles indicate genes involved in DNA repair. Upregulated genes are highlighted in red; and downregulated genes are highlighted in green. (B): IPA canonical pathway analysis of the mismatch repair pathway in wdr12:GFP 1 cells. Red indicates upregulated genes, green indicates downregulated genes, and white symbols depict neighboring genes in this analysis. (C): Diagram of the lateral OT, with NE cells present in the TMZe. (D1-D4): In situ hybridization of ccnb1, msh2, pms2, and rpa3. (E1-E10): Confocal cross-sections: wdr12:GFP 1 cells are shown in green, nuclei are labeled with DAPI (gray). (E1-E5): Cells in S phase were labeled with a short pulse of EdU (1 hour), in red. Mitotic cells were labeled with anti-phosphohistone 3 antibody (blue). (E6-E10): Cells in S phase were labeled with a short pulse of EdU (1 hour), in magenta. Cytoplasmic ccnb1 labeling indicates cells in the G2 phase (red). Dual labeling for GFP and ccnb1 is indicated with arrows. Scale bar 5 50 mm. (F): Diagram of the different cell cycle stages of NE cells in the TMZ. The cells in the TMZi are shown in green. The yellow NE cells are located at some distance from the TMZi. The blue NE cells are located close to the TMZi. Purple asterisk: G2 phase; red asterisk: S phase; blue asterisk: M phase. Only the shape of the nucleus is represented. (G): Graph showing the percentage of EdU-positive cells in the TMZi (green), in NE cells close to the TMZi (blue) and in NE cells located some distance away from the TMZi (yellow). Values are expressed as means 6 SEM. Significant differences are indicated as **p 0.001. Abbreviations: DAPI, 4',6-Diamidine-2'-phenylindole dihydrochloride; EdU, 5-Ethynyl-2'-deoxyuridine; FZ, fibrous zone; GFP, green fluorescent protein; NE, neuroepithelial cells; pH3, phosphohistone 3; PCNA, Proliferating Cell Nuclear Antigen; PGZ, periventricular grey zone; TMZe, external tectal marginal zone; TMZi, internal tectal marginal zone.
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 710 Figure 7. Genes upregulated in wdr12:GFP 1 cells, the mouse VZ, and the human VZ could be used as neuroepithelial markers. (A): Venn diagram showing the genes upregulated in wdr12:GFP 1 cells, mouse VZ, and human VZ. (B): List of genes not related to proliferation upregulated in wdr12:GFP 1 cells, mouse VZ, and human VZ. (D): Immunohistochemistry for GFP in 1-month-old wdr12:GFP fish brain (D1) and on a vibratome cross-section of the OT. (E1-E12): In situ hybridization of yap1, lfng, zfp36L1, boc, cdon, and nr2e1. Scale bar 5 50 mm. Abbreviations: Cb, cerebellum; FZ, GFP, green fluorescent protein; hVZ, human ventricular zone; mVZ, mouse ventricular zone; NE, neuroepithelial cells; OT, optic tectum; PGZ, periventricular grey zone; Tel, telencephalon; TMZe, external tectal marginal zone.

  the upregulated genes reported in Dambroise et al. are likely to have a role in the biology of NePCs (Dambroise et al., 2017).

Table 4 :

 4 Several ribosome biogenesis factors are overexpressed in the proliferative population of medaka juvenile brain. Data were obtained after cell sorting the neuroepithelial progenitors of medaka juvenile brains, using Tg (wdr12:GFP) transgenic line. The fold change correspond to the ratio between wdr12:GFP positive cells and wdr12:GFP negative cells. nhp2, heatr1, wdr3 and pa2g4 are preferentially expressed at the periphery (i.e in the proliferative zone) of the OT (fig 44, white arrows) and the retina (fig 44, black arrows).

Figure 44 :

 44 Figure 44: An ISH screen of ribosome biogenesis genes reveals novel external tectal marginal zone (TMZe) specific genes (A) ISH for nhp2 at 2dpf (A1) and at 3dpf (A2). (B) ISH for heatr1 at 2dpf (B1) and 3dpf (B2). (C) ISH targeting wdr3 at 2dpf (C1) and 3dpf (C2). (D) ISH for pa2g4 at 2dpf (D1) and 3dpf (D2). Expression is boosted in the TMZe, where slow amplifying progenitors which are neuroepithelial, are localized (white arrows). Black arrows: restricted expression in the proliferative population of the retina. Scale bars: 100 µm.

  expression pattern was assessed by WMISH at different developmental stages (fig 45). pa2g4a expression mimicked the expression of other TMZe genes. It is widely expressed after somitogenesis (1dpf) in many proliferative tissues, especially in the dorsal part of the midbrain (fig 45A). Indeed, at this stage, the midbrain is expanding and proliferation zones are not yet restricted to the periphery of the OT (Joly et al., 2016). Upon development, pa2g4 expression became more restricted, following the partitioning of the proliferation zone at the margin of the OT (fig 45 B-C). Interestingly, it was not expressed in other regions than the brain (data not shown). Furthermore, we also detected pa2g4 expression in proliferative regions of the juvenile zebrafish brain (fig 45 D-E). Protein localization was also assessed by WMIHC (fig 46). Interestingly, Pa2g4 protein was detected all around the tectum. However, the protein was clearly more present at the periphery of the OT at 2dpf (fig 46A), 3dpf (data not shown) and in juveniles (fig 46B). Strikingly, Pa2g4 protein displayed cytoplasmic subcellular localization whereas ribosome biogenesis occurs mainly in the nucleolus. This could highlight a putative role in the latest steps of ribosome production. I further characterized the cell population expressing preferentially the protein at juvenile stages. Pa2g4 colocalized with the proliferative marker PCNA (fig 47A) and the epithelial marker zonula occludens 1 (ZO-1, fig 47B). In addition, it did not colocalize with the glial marker glutamine synthetase (GS) or Elavl3 expressed in differentiated neurons (fig 47C). Thus, Pa2g4 is preferentially accumulated in the neuroepithelial progenitor cell population of the OT.

Figure 45 :

 45 Figure 45: pa2g4 is expressed in the TMZe at embryonic and juvenile stages (A-C) pa2g4 expression pattern during development. Dorsal view of A. 1dpf, B. 2dpf, C. 3dpf zebrafish embryos. Red arrows indicate OT expression. Drawing in the lower panel shows orientation of the embryos. Scale bars: 100 µm. (D-E) pa2g4 expression in juvenile zebrafish transverse brains. D. Medial midbrain section E. posterior midbrain section. Dashed squares highlight the restricted expression in the proliferative cells of the OT. Blue and yellow borders and arrows highlight section planes. Scale bars: 50 µm

Figure 46 : 1

 461 Figure 46: Pa2g4 immunostaining confirm peripheral restricted expression in the OT at embryonic and juvenile stages A. Dorsal view of Pa2g4 localization in the OT of 2dpf embryos. A1. Nuclear staining (DAPI), A2. Pa2g4 staining, A3. Merged. Grey: blue: nuclei, green: Pa2g4 protein. White arrows indicate the accumulation of the protein in the proliferative zone of the OT. Scale bars: 50 µm. B. Transverse sections of juvenile OT. B1 and B2 correspond a medial section, two different proliferative zones of the OT are shown. B3: Posterior section. Blue: nuclei Green: Pa2g4 protein.

Figure 47 :

 47 Figure 47: Pa2g4 is expressed in the TMZe proliferative cells with neuroepithelial features (A-D) IHC of PA2g4 (cyan) and markers of different cell types of the OT performed on vibratome sections (30 µm) of juvenile zebrafish brains. Nuclei are stained with DAPI (grey) (A) Pa2g4 (cyan) is coexpressed with the proliferative marker (PCNA-magenta). (B) Pa2g4 is expressed in neuroepithelial cells since it is coexpressed with the epithelial marker zonula occludens 1 (Zo1-magenta). (C) Pa2g4 is not present in glial cells as illustrated with the colabelling of Pa2g4 and the glial marker glutamine synthetase (GSmagenta). (D) Pa2g4 does not colocalize with the neural marker (Elavl3-magenta). Scale bars= 50 µm.

Figure 48 :

 48 Figure 48: Strategy for the inducible and specific functional study of pa2g4 (A) Schematic drawing of Pa2g4 overexpression in the OT. Left panel: proliferative cells are highlighted in red. Right panel: differentiated neurons are highlighted in red. (B) Design of the transgenes driving pa2g4 expression in proliferative or neurons cells. Upper panel: regulator sequences drive the expression of the inducible ERT2-GAL4. Lower panel: the UAS promoter is activated by GAL4 binding and drives the expression of pa2g4-p2a-GFP.

2. 3 . 2

 32 Tg(enh101:ert2-gal4) is specifically expressed in neuroepithelial progenitor cells In our group, an enhancer (enh101) able to drive the expression of the downstream gene in neuroepithelial slow amplifying progenitors has been isolated and characterized (Aurélie Heuzé, personal communication). I took advantage of this enhancer to generate a new transgenic line carrying the transgene 101: ert2-gal4 that I further characterized by crossing with a Tg(UAS:NTR-mcherry) reporter line. I induced ert2-gal4 expression at 2dpf and subsequently labelled mCherry expressing cells at 3dpf. Tg(enh101: ert2-gal4) was able to induce the expression of the mCherry at the margins of the OT (fig 49A). PCNA (fig 49A) and Elavl3 (fig 49B) labelling revealed the restricted enhancer activity of the transgene in the proliferative cells. Thus, Tg (enh101:ert2-gal4) recapitulates the expression pattern in the proliferative population. I checked that the Pa2g4 protein colocalizes with the 101:GFP positive cells to ensure that the overexpression will be confined to cells that express pa2g4 constitutively (fig 49C). specifically expressed in the center of the OT (fig 50A). Following the validation of this enhancer, we further generated an additional transgenic line allowing the expression of the inducible ert2-gal4 construct. Similarly to the GFP reporter line, Tg(enh55:ert2-gal4) recapitulates the activity of the enhancer as illustrated with its colocalization with Elavl3 labelling (fig 50B). Fewer mCherry cells are labelling in this transgenic in comparison to

Figure 50 :

 50 Figure 50: Characterization of the enhancer 55 (A) Tg(enh55:GFP) drives the expression of the fluorescent reporter gene GFP in the center of the of the OT at 3dpf. Cyan: GFP, grey: DAPI (B) Tg(enh55:ert2-gal4) drives the expression of the inducible Gal4 in differentiated neurons of the OT at 3dpf. When crossed with the UAS reporter line (UAS:NTRmcherry) and induced with 4-OHT, mCherry (magenta) colocalizes with Elavl3. Horizontal optical sections. Anterior is on the left, posterior is on the right. Scale bars: 50 µm.

Figure 1 :

 1 Figure 1: fbl expression is restricted to neural progenitors during zebrafish development (A-E) In situ hybridization showing the progressive restriction of fbl expression during the development of zebrafish embryos (A) fbl is ubiquitously expressed at 6 hpf. (B). fbl expression begins to be restricted to highly proliferative regions (eyes, midbrain, and somites) during neurulation (C) At 1dpf, fbl transcripts are abundant in the optic tectum (red arrows) and the retina. C1-C2: lateral views, C3: dorsal view (D-E) At 2 dpf (D) and 3 dpf (E), fbl is preferentially expressed in the neuroepithelial progenitors of the TMZe at the periphery of the OT (red arrows), and in the ciliary marginal zone of the retina. Additional expression can be detected in the digestive system D1-D2 and E1-E2: lateral views, D3 and E3: dorsal views. Scale bars: 100 µm. Anterior is to the left. (F) Immunostaining showing Fbl protein on a sagittal section of a 2 dpf embryo. The Fbl protein, which is localized in the nucleoli, is present in all cells (yellow dots) but the punctate domains of expression are larger in TMZe neuroepithelial progenitors (surrounded by white dashed lines) than in other cells in the optic tectum (OT), cerebellum or torus semicircularis. Scale bars: 25 µm. Cb: cerebellum; OT: optic tectum; Ts: torus semicircularis;; TMZe: external tectal marginal zone.

Figure 2 :

 2 Figure 2:The fbl hi2581 mutation is lethal at larval stages and mostly affects midbrain structures from 1 dpf. (A1-A2) fbl hi2581 mutants start to display phenotypic abnormalities as early as the 1 dpf stage. Mutant embryos have disorganized tissues in the brain (black arrow). At 2 dpf (A3-A4) and 3 dpf (A5-A6) mutant larvae development is impaired, mostly in the midbrain and retina (black arrows). In addition, mutant embryos have impaired pigmentation, a thinner yolk extension, a larger, rounder yolk and pericardiac edema. Black arrows highlight midbrain defects. (B) Volume rendering of the DiI-positive domains (grey) and surface rendering of a manual segmentation of the CNS (magenta) and eye (white) based on the DiI signal in 3dpf wild-type, fbl siblings and fbl hi2581 mutant embryos. fbl mutant larvae display apparent reduction of the CNS volume compared to their siblings or wild-type larvae Lateral views: anterior to the left, dorsal to the top. Dorsal view: anterior to the left, right to the top. (C) Quantification of mean CNS volume highlights a significant difference between fbl mutants, their siblings and wild-type larvae. Statistical analyses were performed on six samples per condition. p-value: 0.003 (Kruskal-Wallis test). (D) Quantification of mean eye volume highlights a significant difference between fbl mutants, their siblings and wild-type larvae. Statistical analyses were performed on six samples per condition. p-value: 0.003 (Kruskal-Wallis test). Purple: wild-type, gray: fbl siblings, pink: fbl hi2581 . Scale bar: 100 µm. Anterior is to the left.

Figure 3 :

 3 Figure 3: Ribosome biogenesis is impaired in fbl mutant embryos (A) RT-qPCR quantification of 5'ETS, ITS1, ITS2 and 18S rRNAs in mutant, siblings and wild-type larvae at 3 dpf. A1: Scheme of rRNA processing, adapted from (Le Bouteiller et al., 2013). Arrows indicate the location of the amplified regions: 18S: purple, 5'ETS: blue, ITS1: green and ITS2: orange. A2. Mutant embryos have lower levels of 18S rRNA (93% lower). (B) Polysome profiling of 3 dpf wild-type (B1), fbl siblings (B2) and fbl hi2581 mutant (B3) embryos showed a lower polysome ratio in fbl hi2581 larvae, indicating impaired ribosomal activity in these larvae. (C) Quantification of the relative proportions of 80S and polysomes (ratio of the 80S or polysome area with global area). Statistical analyses were performed on four samples per condition. p-value (Kruskal-Wallis test) polysomes: 0.0041. Purple: wild-type, gray: fbl siblings, pink: fbl hi2581

Figure 4 :

 4 Figure 4: fbl mutants have specific midbrain and retina defects (A) Horizontal optical sections of Elavl3 (marker of neural differentiation) immunolabelling and DiI staining in wild-type (A1) and mutant (A2) embryos at 3dpf. Pink: DiI labeling, Green: Elavl3 staining. Scale bars: 100 µm. Anterior is to the left. Most brain domains and axon tracts are present but have a disrupted organization in fbl mutant embryos. (B) Sagittal (A1-A2) and transverse (A3-A4) paraffin sections of wildtype (left) and fbl hi2581 mutant (right) embryos at 2dpf. Histological analysis with cresyl violet staining revealed smaller tecta and acellular holes in the mutant embryos. The proliferation region (TMZe) is thicker in the mutant embryos (white arrow) (B2, B4) than in their siblings (B1, B3). Anterior is to the left. (C) Nuclear labeling (DAPI) in the optic tectum of 2dpf wild-type (C1) and mutant (C2) embryos at 2dpf, showing the larger nuclear diameter in the tectum of mutant larvae. Scale bar: 50 µm (D) Quantification of the nuclear diameter of wild-type (purple) and fbl hi2581 (pink) 2dpf embryos. Nuclear diameters were measured with Fiji software. We measured the longest dimension of 50 nuclei on selected 2D images of the nuclei of 2 dpf embryos. Statistical analyses were performed on the mean diameters of nuclei from five mutant or wild-type embryos. p-value (Mann & Whitney test) OT: 0.008; p-value TS: 1.000. Hyp: hypothalamus, OE: olfactory epithelium, ORR: optic recess region OT: optic tectum, tac: tract of the anterior commissure, tel: telencephalon, tpoc: tract of the post-optic commissure, TS: torus semicircularis

Figure 5 :

 5 Figure 5: Neural specification and neural differentiation are impaired in fbl hi2581 mutant embryos. (A) RT-qPCR quantification of the relative levels of neuroD1 mRNA. Purple: wild-type, gray: siblings, pink: mutants. (B) Expression patterns of eomes and otx2, two markers of neural specification, in 3 dpf wildtype (B1, B3) and fbl hi2581 mutant embryos (B2, B4). The expression of eomes (B1-B2), a marker of forebrain specification, was similar in wild-type and mutant embryos, whereas that of otx2 (B3-B4), a marker of midbrain specification, disappeared in fbl hi2581 mutant embryos. Scale bars: 50 µm. Hb: hindbrain, OT: optic tectum, Tel: telencephalon. (C) Horizontal optical sections of elavl3 (marker of neural differentiation) labeling in 2dpf wild-type (C1-C3) and mutant (C4-C6) embryos and in 3dpf wild-type (D1-D3) and mutant (D4-D6) embryos. Gray: DAPI staining, pink: Elavl3 staining. Scale bars: 50 µm. Anterior is to the left. (E) Volume rendering of the DiI-positive domains (grey) and surface rendering of a manual segmentation of the Elavl3-positive (green) domains in 3dpf wild-type (E1), fbl siblings (E2) and fbl hi2381 mutant embryos (E3). For lateral views, anterior to the left and dorsal to the top. White arrows point out to the midbrain. Neural differentiation is specifically impaired dorsally in fbl mutant.

Figure 6 :

 6 Figure 6: Massive p53-dependent apoptosis in the fbl mutant (A) Horizontal optic sections of TUNEL labeling at 1 dpf in wild-type (A1-A3) and mutant (A4-A6) embryos. Gray: DAPI staining, Green: TUNEL staining. Scale bar: 50 µm. Anterior is on the left. (B) RT-qPCR quantification of relative levels of tp53 mRNA at 3 dpf shows a strong increase in tp53 expression in mutants. Purple: wild-type, gray: siblings, pink: mutants. Statistical analyses were performed on biological triplicates, p-value (Kruskal-Wallis test): 0.049. (H) RT-PCR for tp53 in 1 dpf and 2 dpf mutant embryos showing a large increase in tp53 expression. Anterior is to the left.

  analyzed the total proliferating cell population by immunostaining for PCNA (proliferating cell nuclear antigen). Strikingly, at 2 dpf (fig 7A) and 3 dpf (data not shown), PCNA labeling was observed in most of the tectal cells of the mutant larvae (fig 7A1), whereas it was spatially restricted to a to a subset of tectal cells present at the periphery in the wild type (fig 7A2). These findings suggest that all the cells of the OT are proliferating in mutant embryos.We then analyzed DNA replication by monitoring the incorporation of a thymidine analog (EdU). After a two-hour pulse and fixation, we were able to determine the location of the actively dividing cells. In WT embryos, at 2 dpf, EdU incorporation was observed at the OT margins and in the TMZe. By contrast, EdU-positive cells were found scattered over the entire optic tectum in mutant embryos (fig 7B2). We observed the same unrestricted pattern of EdU incorporation at a later stage (3 dpf, data not shown). However, the quantification of EdU-positive cells over the entire OT showed that about 40 to 50% of tectal cells were positive for EdU in both mutant and wild-type embryos (fig7C).

Figure 8 :

 8 Figure 8: S-phase progression is altered in fbl mutant embryos (A-B) FACS analyses of 3 dpf wild-type and mutant heads after a two-hour pulse of EdU. DNA content was assessed by labeling with 7-AAD. (C-D) Quantification and analysis of the distribution of the cells in the different phases of the cell cycle. Statistical analyses were performed on five replicates for the wildtype embryos and four for the mutant embryos, p-values (Mann & Whitney test): subG1=0.903; G0/G1= 0.461; S= 0.066; G2/M= 0.713; Early S= 0.016; Mid-S= 0.016; Late S= 0.016. (E) RT-qPCR quantification of relative levels of mRNA for cdkn1a at 3 dpf showing higher levels of cdkn1a expression in mutants, consistent with an alteration of DNA replication. Statistical analyses were performed on biological triplicates, p-value (Mann & Whitney test): 0.027. Purple: wild-type, gray: siblings, pink: mutants.

  Quantitative real-time PCRTotal RNA was extracted from 72 hpf zebrafish embryos in TRIzol reagent (Invitrogen), purified and treated with DNase, with the Macherey Nagel NucleoSpin® RNAII kit. RNA was quantified with a Nanodrop 2000c spectrophotometer (Thermo Scientific) and the integrity of the RNAs was checked with an Agilent 2100 bioanalyzer and the eukaryote total RNA Nano assay (Agilent Technologies). We reverse-transcribed 1 µg of total RNA in a final reaction volume of 20 μl, with the High Capacity cDNA Reverse Transcription Kit (Life Technologies), RNase inhibitor and random primers, according to the manufacturer's instructions. Quantitative PCR was performed on a QuantStudio™ 12K Flex Real-Time PCR System with a SYBR green detection protocol. We mixed 1.5 ng of cDNA with Fast SYBR® Green Master Mix and 500 nM of each primer, in a final volume of 10 µL. The reaction mixture was subjected to 40 cycles of PCR (95°C/20 s; [95°C/1 s; 60°C/20 s] X40) followed by a fusion cycle, for analysis of the melting curve of the PCR products. Negative controls without reverse transcriptase were introduced, to check for the absence of genomic DNA contaminants. Primers were designed with the Primer-Blast tool from NCBI and Primer Express 3.0 software (Life Technologies). With the exception of the ribosomal primers, the primers used bound to one exon and one exon-exon junction.Specificity and the absence of multi-locus matching at the primer site were checked by BLAST analysis. The amplification efficiencies of primers were determined from the slopes of standard curves generated with a four-fold dilution series. The amplification specificity of each real-time PCR was confirmed by analyzing the dissociation curves. The Ct values obtained were then used for further analyses, with the gapdh, actb1 and tbp genes as references. Each sample was assessed at least in duplicate.The primers used were as follows:

  development, the proliferative population becomes restricted to the periphery of the structure, while differentiated neurons are generated in the center. More precisely, the proliferative population is subdivided into two classed of cells: the slowly-amplifying and the fastly-amplifying progenitors (SAPs and FAPs respectively, Recher et al., 2013). This particular organization is ideal to study cell homeostasis and cell cycle regulation. In particular, during my PhD I participated to the description of the molecular signature of the SAPs (Dambroise and Simion et al., 2017). Interestingly, ribosome biogenesis factors are preferentially expressed in those stem-cell like cells.

Fluorescent

  secondary antibodies used for detection were: AlexaFluor 488 or AlexaFluor 555 goat anti-rabbit, goat anti-mouse, goat anti-chicken or goat anti-human (1:200, Molecular probes, Life technologies). Edu labelling 48hpf and 72hpf wild-type and mutant embryos were injected with 1nl of 5-Ethynyl-2'deoxyuridine (EdU, 10mM, Molecular probes, life technologies) in the pericardiac cavity and fixed 2 hours later. EdU was detected with the EdU Click-iT Plus EdU Alexa Fluor 488 or 647 Imaging kit (Molecular probes, Life technologies), according to the manufacturer's protocol.

  (Invitrogen) followed by purification and DNase treatment with the Macherey Nagel NucleoSpin® RNAII kit. RNA amounts were determined by the Nanodrop 2000c spectrophotometer (Thermo Scientific) and the integrity of the RNAs verified using the Agilent 2100 bioanalyzer with the eukaryote total RNA Nano assay (Agilent Technologies). 1µg of total RNA was reverse-transcribed in a 20 μl final reaction volume using the High Capacity cDNA Reverse Transcription Kit (Life Technologies) with RNase inhibitor and random primers following the manufacturer's instructions. Quantitative PCR was performed on a QuantStudio™ 12K Flex Real-Time PCR System with a SYBR green detection protocol. 1.5 ng of cDNA were mixed with Fast SYBR® Green Master Mix and 500 nM of each primer in a final volume of 10µL. The reaction mixture was submitted to 40 cycles of PCR (95°C/20 sec; [95°C/1 sec; 60°C/20 sec] X40) followed by a fusion cycle in order to analyze the melting curve of the PCR products. Negative controls without the reverse transcriptase were introduced to verify the absence of genomic DNA contaminants. Primers were designed by using the Primer-Blast tool from NCBI and the Primer Express 3.0 software (Life Technologies). Primers were defined in one exon and one exon-exon junction except for the ribosomal primers. Specificity and the absence of multi-locus matching at the primer site were verified by BLAST analysis. The amplification efficiencies of primers were generated using the slopes of standard curves obtained by a four-fold dilution series. Amplification specificity for each real-time PCR reaction was confirmed by analysis of the dissociation curves. Determined Ct values were then exploited for further analysis, with the 3 genes, gapdh, actb1 and tbp as references. Each sample measurement was made at least in duplicate. Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Titre : Etude des facteurs de la biogenèse des ribosomes dans les progéniteurs neuraux de poisson zèbre Mots clés : Biogenèse des ribosomes, Cycle cellulaire, Poisson-zèbre, Cellules neuroépithéliales Résumé : Alors que la biogénèse des ribosomes a été considérée comme un mécanisme ubiquiste, les étapes de ce processus ont récemment été démontrées comme étant tissu-spécifiques. Le toit optique (OT) du poisson-zèbre est un modèle approprié pour étudier la prolifération cellulaire puisque les cellules à différents états de différenciation se trouvent dans des domaines séparés.

Title:

  Study of ribosome biogenesis factors in zebrafish neural progenitorsKeywords : Ribosome biogenesis, cell cycle, Zebrafish, Neuroepithelial Cells Abstract : While ribosome biogenesis has been considered as an ubiquitous mechanism, steps of this process have recently been shown to be tissue specific. Zebrafish optic tectum (OT) is a suitable model to study cell proliferation since cells at different differentiation states are spatially partitioned.During my PhD, I examined whether ribosome biogenesis genes may have specific roles in neuroepithelial progenitor cells (NePCs). Taking advantage of a previous transcriptomic analysis, I first screened for new candidates accumulated in NePCs. I decided to focus on proliferation-associated 2G4 (pa2g4/ebp1), which was expressed preferentially in NePCs.

  

  

  

  

  

  

  

  

Table

  

Table 4 .

 4 Several ribosome biogenesis factors are overexpressed in the proliferative population of medaka juvenile brain.

Table 5 .

 5 Primers used for riboprobe synthesis XXV

1998; Sloan et al., 2012). These

  factors not only play a role in the cleavage itself but also in the RNA folding and chaperoning through hybridization to the rRNAs (

Gerbi and Borovjagin, 2013; Hughes, 1996; Marmier-Gourrier et al., 2011; Sharma and Tollervey, 1999) allowing

  

	to obtain the proper conformation needed. Similarly, ITS1
	processing is mediated by a large number of factors including PES1, BOP1, NOL12 and
	ribosomal proteins of the large subunit (

Lapik et al., 2004; Preti et al., 2013; Sloan et al., 2013). Functional

  

	mutation or removal of one of these factors affects processing leading to
	accumulation of the intermediates and to disrupted ribosomes. For example, in Xenopus,
	the order of cleavages is altered after mutation in U3 or U8 snoRNAs (Peculis

and Steitz, 1993). II.2 Post-transcriptional modifications

  

	Maturation of rRNA is accompanied by the addition of a large number of post-
	transcriptional covalent modifications such as 2'-O-ribose methylation, pseudouridylation,
	or rRNA base methylations. These post-transcriptional modifications occur simultaneously
	to pre-rRNA cleavages. More specifically, 2'-O-methylation and pseudouridylation are
	performed early during ribosome biogenesis and co-transcriptionally whereas rRNA base
	modifications are formed later on during the process. The number of modified sites
	increases with the complexity of the organism, although modifications patterns show
	evolutionary conservation, and most sites modified in yeast rRNA are also modified in
	vertebrates. Pre-rRNA modifications are mostly located within the most conserved
	functionally important domain of mature RNAs, particularly into the structural elements
	contributing to the peptidyl-

transferase region and its vicinity (Brimacombe et al., 1993).

  

	This functional studies, as well as the precise location allow to speculate that rRNA
	modifications are necessary for efficient and faithful translation (

Jack et al., 2011; Liang et al., 2007). In

  

	particular, both in yeast and bacteria, rRNA modifications are important
	for translational fidelity (Liang

et al., 2009; Watkins and Bohnsack, 2012) and 60S stability therefore ribosome function (Demirci et al., 2010; Gigova et al., 2014; Knippenberg, 1986). Moreover

  

	, knockdown of a single snoRNA is sufficient to alter
	development of zebrafish embryos highlighting the importance of rRNA modifications
	during development (Higa-Nakamine et al., 2012). In addition, rRNA base modification,
	2'-O-methylation and pseudouridylation have been linked to diseases such as cancers,
	autoimmune syndromes or genetic diseases (

Armistead et al., 2009; Jangani et al., 2014; McMahon et al., 2015; Nakazawa et al., 2011; Oie et al., 2014). To

  

	remains unclear in most cases whether the disease is due to loss of RNA-modifying activity,
	or failure to assemble sufficient ribosomes. Indeed, ribosomal RNA-modification enzymes
	are known to perform additional functions in diverse processes, including pre-rRNA
	processing, rRNA synthesis regulation and rRNA surveillance (
	date, however, it

Jobert et al., 2013; Oie et al., 2014; Tessarz et al., 2014; Yang et al., 2013). Moreover

  

	, in mice, mutation of
	Dyskerin, therefore global decrease of pseudouridine, leads to a disruption of the IRES-
	dependent translation of cellular mRNA such as p27, XIAP or Bcl-xl (B Cell Lymphoma;

Bellodi et al., 2010; Yoon et al., 2006). Surprisingly

  

	, cap-dependent translation is not
	affected by this mutation. Indeed, pre-initiation complex formation on IRES sequences is
	decreased of 50% in dyskerin mutants. In addition, decrease of the 2'-O-methylation leads
	to a decrease IRES dependent translation of a subset of mRNA such as p53, p27 and
	SNAT2 while global translation is not affected (

Chaudhuri et al., 2007). II.2.1. SnoRNP mediated modifications

  

	The major chemical modifications are mostly guided by snoRNAs which are small,
	abundant and stable RNAs acting through the ribonucleoprotein (RNP) complex. Within
	this complex, snoRNAs base-pair (bp) to rRNAs allowing the correct positioning of the
	modification enzymes. On the basis of associated proteins and conserved RNA sequence
	elements, the snoRNAs can be divided into two major classes: the box C/D and box
	H/ACA. The conserved boxes are bound by proteins important for snoRNA stability,
	nucleolar targeting and snoRNA function. Box C/D and H/ACA snoRNAs ranging from
	60 to 200 nt and 120 to 250 nt, respectively, are associated with four core proteins including
	the enzymes mediating the rRNA modifications. In particular, box C/D snoRNAs are
	involved in the 2'-O-methylation of the pre-rRNA and are associated with proteins such as
	the methyltransferase Fibrillarin (Nop1p in yeast), Nop56, Nop58 and Nhp2l1. 2'-O-
	methylation corresponds to the transfer of one methyl group at the 2' position of the ribose
	on the nucleoside (fig 14). Methylation of rRNA is carried out at more than one hundred
	sites. Box H/ACA snoRNAs are associated with the core proteins Nhp2p, Nop10p, Gar1p
	and dyskerin (Cbf5p in yeast). The latter is responsible for the isomerization of the uridine
	residue. As I worked on fibrillarin during my thesis, further details on the box C/D complex
	will be given in the Chapter 1, Part II, II.3. Box C/D complex.

and Wickner, 1995; Carroll and Wickner, 1995

  . This has raised the questions of ribosomal proteins functions. Despite the function of RPs in rRNA folding and function, it has been In human only a few other examples can be found, but the list is

hypothesized that they might also bear greater specificity to the RNA-based translation machinery to control protein synthesis

[START_REF] Xue | Specialized ribosomes: a new frontier in gene regulation and organismal biology[END_REF]

.

IV.1.1 Different paralogs of ribosomal proteins can exert different functions

Paralogs are genes that are separated by a duplication event in the same species and that can evolve new functions. In S.Cerevisae, multiple RP paralogues have raised from genome duplication. In particular, 59 out of the 78 RPs retained two genome copies

[START_REF] Kellis | Proof and evolutionary analysis of ancient genome duplication in the yeast Saccharomyces cerevisiae[END_REF]

. Remarkably, despite having high sequence identity, the two RPs gene copies do not always seem to be functionally redundant. Integration of different paralogues within ribosomes can confer drug resistance

[START_REF] Parenteau | Introns within ribosomal protein genes regulate the production and function of yeast ribosomes[END_REF]

, bud size selection

[START_REF] Ni | A genomic study of the bipolar bud site selection pattern in Saccharomyces cerevisiae[END_REF] 

or virus susceptibility

(Ohtake )

. Functional specificity of ribosomal proteins genes regulate the production and function of yeast ribosomes

[START_REF] Komili | Functional specificity among ribosomal proteins regulates gene expression[END_REF] 

.

In multicellular eukaryotes, similar specificity is observed. In particular, RPs paralogues can be expressed in different tissues in the same organism. For example, in Arabidopsis thaliana, many RP paralogues display sequence variations and are differentially expressed during development (Falcone Ferreyra et al., 2010; Weijers et al., 2001). In particular, RPS5A is strongly expressed in dividing cells, whereas RPS5B is expressed in cells undergoing differentiation (fig 24A). Furthermore, in Drosophila melanogaster, some paralogues such as Rpl11/Rpl11l show differential expression levels in the adult testes (fig 24B). Such heterogeneity in RP expression in the gonads suggests that the development of germ cells may require tissue-specific variations in the translational machinery (Marygold et al., 2007). In mammals, most ribosomal proteins are encoded by only a single gene copy. However, notable exceptions exist. Indeed, similarly to Drosophila, RP paralogues expression is restricted to germ cells in human (fig 24C) or mice (Lopes et al., 2010; Sugihara et al., 2010).

Figure 24: Heterogeneity of ribosomes can be due to differential expression of ribosomal proteins paralogs A.

  In plants, ribosomal protein paralogues have different functions and different expression patterns. For example, in Arabidopsis thaliana, RPS5A is expressed in rapidly dividing cells early in embryonic development, whereas RPS5B is expressed in cells undergoing differentiation. B. In Drosophila melanogaster, ribosomal protein paralogues show different expression patterns in the adult testes. For example, RPL22 is expressed ubiquitously, but RPL22-like protein levels are specifically increased in the testes. Both proteins are incorporated into translationally active ribosomes (called the polysomes). C. In humans, only some ribosomal protein paralogues have been identified; however, notable examples exist. RPS4Y1 is expressed ubiquitously, whereas RPS4Y2 is restricted to the testis and prostate.

). Strikingly, this expression pattern mirrors, to a large extent, the tissues that are affected by the loss of function of RPL38 in mouse embryos. More precisely, rpl38 mutant mice exhibit skeletal patterning defects including homeotic transformations and compromised neural tube patterning. Interestingly, polysome profiling analyzes revealed that RPL38 exerts a specialized function in translational control of a subset of Hox mRNA by facilitating 80S complex formation (fig 25A). More globally, a large-scale quantitate expression-profiling screen highlighted a restricted expression of 72 RPs in the developing vertebrate embryo. Taken together, these studies reveal that ribosome composition varies between cells and specialized ribosomes are required to determine cell identity in vertebrates. Further studies performed by Barna et al. completed the work on Rpl38 and the Hox genes. Indeed, they discovered the presence of specific RNA regulatory elements within the 5'UTR of the Hox transcripts translated by Rpl38-containing ribosomes (Xue and Barna, 2015). These regulatory elements called "Translation Inhibitory Element" (TIE) inhibits general capdependent translation (fig 25B). Moreover, these Hox mRNAs also contain an IRES element which allows the recruitment of ribosome through the cap-independent mechanism (see Chapter 1, part I, II.2.2 IRES-dependent initiation). This confirms that ribosomes with

.

  Another good example of the specific requirement of several RBFs for stem cell survival and homeostasis has been underlined in zebrafish. Cirh1a, a component of the small subunit processome is expressed in the developing liver[START_REF] Wilkins | p53-mediated biliary defects caused by knockdown of cirh1a, the zebrafish homolog of the gene responsible for North American Indian Childhood Cirrhosis[END_REF]. Knock-down of the gene leads to specific defects in the biliary system demonstrating a specific importance in liver

progenitors. Likewise, conditional knock-out of Notchless, a murine orthologue of the yeast 60S subunit maturation factor rsa4, depletes HSCs and multipotent progenitors, but not mature hematopoietic cells (Le Bouteiller et al., 2013). Nop56 and Nop58 are also enriched in Drosophila neuroblasts and in zebrafish neuroepithelial-like progenitors of the midbrain (Neumüller et al., 2011; Recher et al., 2013; Southall et al., 2013). Nop56 orthologue, in particular, has been described to play a major role in the maintenance of neuroepithelial stem cells of the optic lobe (Wang et al., 2013).

Similarly to ribosomal protein variations, RBF specificity would give rise to target translation of a subset of mRNAs. For example, FBL overexpression in p53-deficient cancer cells, triggers the hyper-methylation of rRNAs leading to the synthesis of ribosomes with modified translational specificity such that IRES-containing mRNAs (e.g cMYC, FGF1, VEGFA) are preferentially translated instead of 5'-capped transcripts

(Marcel et al., 2013)

.

Interestingly, Fbl, Nop56 and Nop58 are up-regulated upon cold exposure induced stress

[START_REF] Long | Transcriptomic characterization of cold acclimation in larval zebrafish[END_REF]

. Upon stress, IRES-mediated translation is favored over cap-dependent translation

[START_REF] Spriggs | Translational regulation of gene expression during conditions of cell stress[END_REF]

. Moreover, studies in flies, amphibians and mice show that stem cells respond better than other cell types to stress

(Love et al., 

2014; McLeod et al., 2010; Yilmaz et al., 2012).

  Therefore, it is possible that the capacity of stem cells to survive upon stress is linked to the type of RBFs they express, and thus to the type of mRNA that are translated. It is still unclear how differences in ribosome biogenesis contribute to For example, differentially expressed RBFs could contribute to the generation of the previously mentioned specialized ribosomes. Moreover, it was recently discovered that stem cells and differentiated cells express different subsets of

the diversification of proteome among different types. Detailed functional analyses of the newly discovered RBFs are still lacking and the situation becomes more complicated when the diverse mechanisms of gene expression control are taken into account

(Buszczak et 2014;[START_REF] Signer | Haematopoietic stem cells require a highly regulated protein synthesis rate[END_REF]

.

tRNAs

[START_REF] Gingold | A dual program for translation regulation in cellular proliferation and differentiation[END_REF][START_REF] Topisirovic | Distinctive tRNA repertoires in proliferating versus differentiating cells[END_REF]

) adding yet another mechanism contributing to the determination of cell identity.

IV.

3 Mutations of RP and RBF coding genes lead to tissue-specific phenotypes IV.3.1 Ribosomopathies While

  the prevailing assumption for many years was that organisms bearing defects in making ribosomes would be non-viable, the notion was refuted by the discovery of ribosomopathies. Ribosomopathies are a diverse group of disorders which, despite their

heterogeneity at a clinical level, affect the same biochemical process. They are each caused by mutations in a gene encoding either a ribosomal protein, or a component of the apparatus required for ribosome synthesis. Indeed, several common features of ribosomopathies such as small stature, cancer predisposition, and hematological defects, point to how these diverse diseases may be related at a molecular level. Surprisingly, this class of disease

Table 1 : Comparison of human and animal model of ribosomopathy. (Yelick and Trainor, 2015)

 1 

Cerveny et al., 2012)

  BM: basement membrane; GCL: ganglion cell layer; INL: inner nuclear layer; IPL: inner plexiform layer; OPL: outer plexiform layer; PhRL: photoreceptor layer; PVN: periventricular neurons; SAC: stratum album centrale; SAC/SPV, boundary between SAC and SPV; SFGS: stratum fibrosum et griseum superficiale; SGC: stratum griseum centrale; SM: stratum marginale; SO: stratum opticum; SPV: stratum periventriculare (also called periventricular grey zone, PGZ); PVN: Periventricular neurons.

  Such approaches cannot replace functional analyses, but they can identify interesting candidates, as genes conserved over large evolutionary distances are likely to be important regulators of the NE progenitor state.
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2006, 2011). Those cells would contact the ventricle ventrally to the torus semicircularis

and contribute to the neurogenesis in the tegmentum (ventral midbrain). Interestingly, Galant et al. identified her5-expressing cells as a TMZe subpopulation of NePCs. This cell population is at the origin of the adult proliferative TMZe cells and will progressively build the OT in an anterior to posterior sequence [START_REF] Galant | Embryonic origin and lineage hierarchies of the neural progenitor subtypes building the zebrafish adult midbrain[END_REF]. In the post-embryonic brain, two different progenitor pools contribute to neurogenesis in zebrafish midbrain in a spatial and temporal manner. One population of radial glial cells contribute to neurogenesis in the ventral part of the midbrain (the tegmentum) and one population of neuroepithelial cells contribute to the neurogenesis in the OT [START_REF] Chapouton | Expression of hairy/enhancer of split genes in neural progenitors and neurogenesis domains of the adult zebrafish brain[END_REF][START_REF] Schmidt | Neurogenesis in zebrafishfrom embryo to adult[END_REF]. her5-positive cells are the most upstream progenitor pools giving rise to the TMZ cells. Then, transient neurogenic radial glial cells expressing her4 act downstream in order to give rise to neurons. More precisely, her5-positive cells can either give rise to her4positive radial glial cells, or, more rarely, directly participate in the tectal neurogenesis [START_REF] Galant | Embryonic origin and lineage hierarchies of the neural progenitor subtypes building the zebrafish adult midbrain[END_REF]Dirian et al., 2014).

RBF mRNAs are also preferentially accumulated in the TMZe like Wdr12, Pescadillo and Bop1 (Recher et al., 2013). Similarly, in Oryzias latipes, different groups of housekeeping genes involved in ribosome biogenesis or DNA replication are preferentially co-expressed in the CMZ of the retina. One hypothesis for the preferential expression of such gene family could be that slow cycling cells would function as "storage chambers" for fast subsequent cell divisions in the early embryo. On the other hand, as mentioned in detailed in the chapter 1, nucleolar proteins are involved in the control of cell proliferation [START_REF] Ruggero | Dyskeratosis Congenita and Cancer in Mice Deficient in Ribosomal RNA Modification[END_REF]. Therefore, specific ribosome biogenesis factors expressed in our cell population could lead to the production of specialized ribosomes playing a specific role in the regulation of the cell cycle. The accumulation of those factors within our cell population is striking and need further investigations to understand their role in the OT neural progenitor cell-cycle control. Moreover, important overlaps between the TMZe specific gene list and other progenitor datasets have been obtained independently. Interestingly, the TMZe gene-network dataset display many genes in common with a Drosophila neuroblastsspecific network or with related to human pluripotent stem cells or cancer associate genenetworks (Recher et al., 2013). Similarly, SGs involved in ribosome biogenesis are also specifically expressed in Xenopus suggesting a conservation throughout evolution.
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Tg(enh55:ert2-gal4) is specifically expressed in the differentiated neurons cells

To allow the overexpression of pa2g4 in the differentiated cells, we isolated an enhancer (enh55) and tested its ability to drive the expression in the differentiated neurons. From this enhancer, we generated two transgenic lines. One of them allows the expression of the GFP reporter gene. It has been used to characterize the transcription activity of the enhancer and to determine the position of the differentiated cells. At 3dpf, in Tg(enh55:GFP), GFP is CNS volume was significantly smaller in fbl hi2581 larvae than in their siblings not homozygous for the mutation at the same developmental stage. More precisely, CNS volume in the mutants was one third that in their siblings or the wild-type larvae (fig. 2C).

We also quantified the eye volume in fbl mutant, siblings and wild-type larvae.

Interestingly, the eye volume of the mutant larvae were five times reduced in comparison with the siblings and wild-type larvae (fig 2D). Collectively, these data suggest a role of Fbl in the development of the brain and the eye.

Similarly, pH3 (phospho-histone 3) staining, which labels mitotic cells, showed that mitotic cells were not restricted to the margin in mutant embryos (fig 7D). Quantification of the population of mitotic cells within the OT revealed no difference in the proportion of this population between mutant and wild-type embryos at 2 dpf (fig 7E).

Collectively, these data reveal the presence of a cell-cycle defect, with a larger population of proliferative cells and an abnormal distribution of actively dividing cells in the tectum of mutant embryos.

S-phase progression is impaired in fbl mutant embryos

We assessed the cell cycle profiles of mutant cells more accurately and determined whether the rate of cell cycling differed between wild-type and mutant embryos, by analyzing DNA content by Fluorescence-Activated Cell Sorting (FACS). For this purpose, we incorporated EdU for 2 hours at 3dpf, in both mutant and wild-type embryos, and then labeled the DNA with the intercalating agent 7-AAD (7-aminoactinomycin D). We carried out FACS analyses on dissociated cells from the dissected heads of control and mutant embryos. In We concluded that mutant cells were not blocked in any phase of the cell cycle and seemed to cycle in a similar manner to wild-type embryo cells. However, 7-AAD/EdU flow cytometry revealed a marked difference in S-phase profiles on histogram plots (fig 8B), with lower levels of EdU incorporation in fbl mutants than in wildtypes larvae. This indicates that either mutant cells incorporate EdU less efficiently than wild-type cells, or that they die in S-phase. We quantified these differences in profile, by analyzing the distribution of cells within S-phase through determinations of the percentages 

Material and methods

Zebrafish lines and husbandry

We used the following Danio rerio lines for this work: wild-type strain AB and fbl hi2581 mutants (ZIRC, Eugene, OR, USA). All zebrafish lines were maintained at 28°C in our facility. Embryos were kept at 28°C and staged as described by Kimmel (Kimmel et al. 1995). fbl hi2581 adult zebrafish were maintained as heterozygotes and inbred to generate homozygous mutant embryos. PCR was conducted on adults, to check for the presence of the insertional mutation. The wild-type fbl allele was detected with the following primers: 

Phenotypic analysis Immunohistochemistry

Whole-mount immunohistochemistry (WMIHC) was performed as previously described (Inoue and Wittbrodt 2011). Embryos were first incubated in a depigmentation solution (0.5X SSC/5%formamide/3%H2O2) at room temperature for 30 minutes. WMIHC for PCNA was performed specifically, with the fast protocol of the Tefor Core Facility (http://tcf.tefor.net; unpublished protocol): following depigmentation, embryos were incubated in unmasking solution (HistoVT One, 06980-05, Nacalai Tesque) at 68°C for 1 hour. Blocking and permeabilization (10% NGS, 10% DMSO, 5% PBS-1 M glycine, 0.5% Triton X-100, 0.1% Tween 20, 0.1% sodium deoxycholate, 0.1% NP40) were performed simultaneously over a period of five hours. The embryos were incubated with antibodies for three days at 4°C, in staining solution (2% NGS, 20% DMSO, 10 µg/ml heparin, 0.2% Triton X-100, 1X PBS, 0.1% Tween 20, 0.05% sodium azide).

We used mouse anti-PCNA (Dako, 1:150), human anti-FBL (1:1000, autoimmune serum, gift from Danièle Hernandez-Verdun, Jacques Monod Institute, Paris France), rabbit anti-pH3 (Millipore, 1:500) and mouse anti-elavl3 (Molecular Probes, Life Technologies, 1:100) primary antibodies.

The fluorescent secondary antibodies used for detection were AlexaFluor 488-or

AlexaFluor 555-conjugated goat anti-rabbit, goat anti-mouse or goat anti-human antibodies

(1:200, Molecular Probes, Life Technologies).

Edu labeling

We injected 1 nl of 5-ethynyl-2'-deoxyuridine (EdU, 10 mM, Molecular Probes, Life Technologies) into the pericardiac cavity of 48 hpf and 72 hpf wild-type and mutant embryos, which were fixed two hours later. EdU was detected with the EdU Click-iT Plus EdU Alexa Fluor 488 or 647 Imaging kit (Molecular Probes, Life Technologies), according to the manufacturer's protocol.

TUNEL staining

TUNEL labelling was performed with the Deadend Fluorometric TUNEL system (Promega), according to manufacturer's instructions. Embryos were washed in PBS, counterstained with DAPI (Sigma) and mounted in Vectashield hard-set mounting medium (Vector Laboratories). 

Polysome profile

We collected 60 wild-type and 100 mutant embryos per sample at 3dpf. Embryos were deyolked, rinsed with ice-cold PBS and dissociated in ice-cold lysis buffer (10 mM Tris-HCl, 5 mM MgCl2, 100 mM KCl, 1% Triton-X100, 2 mM DTT, 100 µg/ml cycloheximide, 200 U/ml RNasin (Promega), and protease inhibitor (Sigma)). Dissociated cells were subjected to sucrose gradient centrifugation (31% sucrose, 50 mM Tris-acetate pH 7.6, 50 mM NH4Cl, 12 mM MgCl2, 1mM DTT). Gradients were successively frozen and thawed before use. The gradients were then centrifuged for 3 h in an SW41 rotor (4°C, 39000 rpm)

and fractionated with the ISCO system.

Cell dissociation and FACS

Injection of 1nL of EdU (10 μM) has been performed in pericardial space of embryos.

Following EdU incorporation, embryos were placed in ice-cold embryo medium (5.03 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2-2H2O, 0.33 mM MgSO4-7H2O) for 10 minutes and transferred to ice-cold Ringer solution for 10 minutes. The tails of the embryos were removed and the heads were placed in 500 µl of FACSMax (Manoli and Driever 2012).

Cells were dissociated by manual squishing of the embryos cell strainer (with 40-µm mesh).

Cells were collected by centrifugation (500 x g, 10 minutes, 4°C) of the suspensions, and fixed by incubation in ethanol 70% at -20°C for 2 days. EdU was detected as described in the "EdU labeling" section. Cells were then incubated in PBS buffer containing 0.1% Triton X-100, RNAse A (SIGMA, 0.5 µg/ml) and 7-AAD (BD Pharmingen 559925, 20µl in 1 ml
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Ribosome biogenesis and tumorigenesis

The importance of ribosome biogenesis in tumor progression has been evidenced by many studies. Not only quantitative variations in ribosome level, but also qualitative modification in ribosomal proteins or ribosomal RNA are responsible for cancer cell formation and progression. In particular, Su et al. revealed the highly important role of Fbl, the methyltransferase responsible for the proper methylation of rRNA in human cancer since Fbl is overexpressed in breast cancers (Su et al., 2014).

In fbl mutant embryos, I highlighted a massive decrease of 18S rRNA with impaired ribosome translation activity. Because fbl is responsible for the methylation rRNA and the subsequence adapted cleavages, the decreased production of 18S rRNA with no obvious defects in early steps of the pathway could be explained by the hypomethylation of the rRNA. To assess this question, it would be extremely relevant to study methylation events using the profiling of ribosome methylation in rRNA by high throughput sequencing (Marchand et al., 2016).

Besides, a decrease in the number of mature ribosomes may also contribute to 

Zebrafish lines and husbandry

For this work, the following Danio rerio lines were used: wild-type strain AB; fbl hi2581 mutants (ZIRC, Eugene, OR, USA); Tg(UAS:NTR-mcherry) nicely given by Laure Bally Cuif's group; Tg(enh101-hsp70:GFP) developed by Aurélie Heuzé, Gif sur Yvette, France, unpublished; Tg(enh55-hsp70:GFP); Tg(enh55-hsp70:ERT2-GAL4); Tg(enh101-hsp70:ERT2-GAL4). All zebrafish lines were maintained at 28°C in our facility. Embryos were kept at 28°C and staged as described by Kimmel (Kimmel et al., 1995). fbl hi2581 adult zebrafish were maintained as heterozygotes and incrossed to generate homozygous mutant embryos. PCR was conducted on adults for the presence of the insertional mutation. The fbl wild type allele was detected using the primers forward 5'-GAGGAAAAGCGGGTCTGAG-3' and reverse 5'-AGTGCGTGGCTAACTCATCC-3'.

The fbl mutant allele was detected using the primers forward 5 

Cell dissociation and FACS

Following EdU incorporation, embryos were placed in ice-cold embryo medium (5.03 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2-2H20, 0.33 mM MgS04-7H20) for 10 minutes and transferred to ice-cold Ringer for 10 minutes. The tails of the embryos were removed and the heads were placed in 500 µl of FACSMax (Manoli and Driever, 2012). Cells were dissociated by manual squishing of the embryos on adapted cell strainer. Cells were collected by centrifugation (500 g, 10 minutes, 4°C) of the suspensions, and fixed in ethanol at -20°C for 2 days. EdU revelation was further proceed as described in the chapter "EdU labelling". DNA content studies were performed using the BD FACSCalibur analyzer and analyzes were accomplished with FlowJo software.

Transgenesis Microinjection of zebrafish embryos

Embryos at one cell stage were injected with 1 nl of the transgenesis mix (15ng/µl transgenesis construction + 8ng/µl of tol2 mRNA) using a PicoSpritzer injector.

Constructions for transgenesis

pDEST AMA plasmids were designed for transgenesis in fish (Amagen platform, Gif sur Yvette, France). They bear recognition sequences for the Tol2 transposase [START_REF] Suster | Transgenesis in zebrafish with the tol2 transposon system[END_REF] to improve genomic integration. Moreover, they bear a transgenesis marker (AMA).

Thanks to this, CFP is expressed in the fish lens upon genomic integration. Enhancers and promoters were inserted using Gateway Cloning Technology (Life technologies) and the desired reporter cloned in the vector via restriction/ligation.

The transgenic reporter line carrying enh55 driving the expression of either GFP or ERT2-GAL4 as well as the transgenic line carrying Tg(enh101: ERT2-GAL4) were generated using the pDest_AMA_12H_GAL4FF_GFP (Amagen platform, Gif sur Yvette, France) and pDEST_AMA1 Enhancer101_12H_hsp70_eGFP (Aurélie Heuzé, unpublished) as templates.

Statistical analyzes

Statistical analysis was performed with Microsoft Excel XLSTAT software. All data are expressed as mean standard deviation. To calculate the two-sided p-values, Kruskal & Wallis non-parametric test with a Bonferroni correction was used in the case of three groups, and Mann & Whitney test was applied in only two groups were compared.